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ABSTRACT 


The problem of ‘‘ground resonance”’ in helicopters is discussed 
with emphasis on practical considerations. The theory is 
briefly reviewed and the results are stated. Formulas are given 
which enable calculations to be carried out for the center of the 
range of instability, the critical speeds for flywheel-type resonance, 
and the damping required to eliminate the range of instability. 
Landing gear and blade dampers are discussed and, finally, 
methods of test are considered. 


INTRODUCTION 


= PAPER is an attempt to survey the field of heli- 
copter vibration phenomena usually included under 
the term ‘ground resonance.’ The term has been em- 
ployed in the past in connection with the violent oscilla- 
tions of rotary wing aircraft occurring on the ground 
during rev-up which have resulted in the destruction 
or severe damage of several aircraft. This nomenclature 
is unfortunate, however, since, as shall be pointed out 
later on, there are two main phenomena: one an insta- 
bility and the other a true resonance. In addition, 
when the pylon or rotor shaft is rather flexible, ‘‘ground 
resonance’ may very well occur during flight. 

While the phenomena of instability and resonance are 
functions of the design parameters of the helicopter, 
other vibrations often occur on the ground, as well as in 
flight, and arise from aerodynamic and mass assym- 
metry of the rotors. These assymmetries are always 
due to errors in manufacture. One example is a rotor 
in which the blades have different lift mmoments, which 
condition causes the rotor to be “out of track.” An- 
other example is the once-per-revolution whirl of the 
control stick due to the variation of the pitching mo- 
ments between the rotor blades. These types of vibra- 
tion are not discussed in this paper. However, while 
the instability is, of course, a self-excited phenomenon, 
the true resonance must have some outside force for ex- 
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citation. This outside force may be provided by the 


assymimetries mentioned above. 


Since the helicopter is in a state of flux and no one 
design can be said to be ‘‘conventional,”’ a discussion of 
‘ground resonance”’ can hardly cover all possible rotor 
configurations. No attempt will be made, therefore, to 
discuss all configurations, but the fundamentals as 
applied especially to single-rotor helicopters with three 
or more blades will be emphasized, with the application 
to counterrotating rotors mentioned. 

The theoretical background is first briefly reviewed, 
and the results are stated in terms of simple formulas for 
the center of the range of instability, the critical speeds 
for resonance, and the damping required for the elimina- 
tion of the range of instability. Practical considerations ° 
in the design of the landing gear and blade dampers are 
then discussed. Finally, methods of test are covered 
which, in combination with the formulas, make possible 
the prediction of the safety of the aircraft and the check 
on these predictions without endangering the air- 


craft. 


BRIEF REVIEW OF THE THEORY AND RESULTS FOR 
ROTORS WITH THREE OR More Biapes!~ 


The most general and complete exposition of the 
theory of “‘ground resonance”’ is given in the excellent 
report by Coleman.' In addition, Coleman’s report 
contains useful charts for the ranges of instability. For 
emphasis on the more practical approach, reference 4 is 


recommended. 


No DAMPING 


Theoretical and experimental investigations have 
demonstrated that ground vibrations can be com- 
pletely explained by considering only the nature of the 
mechanical coupling between deflections of the rotor 
hub in the plane of rotation and deflections of the blades 
either about their drag hinges or, in the absence of 
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hinges, in chordwise bending. The significant param- 
eters are: 


w, = the natural frequencies that can be excited at 
the rotor hub by oscillating forces in the plane 
of rotation when concentrated weights are 
substituted for the blades 
w, = the lowest natural frequency of the blades in a 
chordwise sense when the rotor is not turn- 
ing. In a rotor with drag hinges the fre- 
quency may be nonzero because of so-called 
“centering springs”’ 

the distance from the center of rotor rotation to 


é => 
the drag hinge (or ‘‘virtual hinge’ if there are 
no drag hinges) 

1 = the distance from the drag hinge to the center 
of mass of a blade 

I = the moment of inertia of a blade about its drag 
hinge . 

w = the rotor speed, assumed to be constant 

m = mass of blade 


M = effective mass of hub; taken as the mass that, 
when multiplied by one-half the square of 
the hub linear velocity in the natural mode 
of oscillation, gives the correct energy 


The procedure in solving the problem is to set up the 
equations of motion of an n-blade rotor whose hub is 
constrained to move in the plane of rotation against 
elastic restraint. There are n + 2 degrees of freedom 
with as many coupled equations of motion. However, 
a suitable transformation of coordinates results in four 
equations coupled with each other and m — 2 uncoupled 
equations. The coordinates in the » — 2 uncoupled 
equations may be said to form a ‘‘quasi-normal”’ set; 
that is, they would be normal coordinates if it were not 
for those appearing in the four coupled equations. 

In a three-blade rotor, for example, the quasi-normal 
coordinate turns out to be essentially the sum of the 
angles of the blades about their drag hinges. If each 
of the two blade coordinates that couple with the hub 
coordinates is made equal to zero and if only the quasi- 
normal coordinate is different from zero, it turns out 
that all the blade lead-lag angles must be equal. It is 
obvious that a blade motion of this sort can only couple 
with torquewise rotor vibrations. But since only hub 
deflections in the plane of rotation are assumed, the 
sum of the blade lead-lag angles is completely un- 
coupled. In rotors with more than three blades there 
are additional quasi-normal coordinates, as pointed out 
in the preceding paragraph. 

The four coupled equations are linear, homogeneous 
second order differential equations with constant coef- 
ficients with the time as independent variable. In the 
usual manner for solving such equations exponential 
solutions are assumed for each of the coordinates.” In 
particular, for a coordinate x the solution x = xe is 
assumed. After substitution of these solutions in the 
differential equations, a set of four linear, homogeneous 
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algebraic equations for the amplitudes, xo, etc., results, 
For a nontrivial solution of the algebraic equations, the 
determinant of the coefficients must be zero. This 
determinantal equation, often called the frequency 
equation, is then solved for the frequency, 2. The fre- 
quency equation is of the fourth degree in Q*. It is 
clear that should one root turn out to be a complex 
number the exponent will have both an imaginary and 
a positive real part because complex roots of poly- 
nomials with real coefficients appear in conjugate pairs; 
that is, in pairs whose real parts are equal and whose 
imaginary parts are of opposite sign. A positive, real 
exponent implies an amplitude that increases indefi- 
nitely with time; that is to say, an instability. The 
imaginary part of the exponent is to be interpreted as 
the frequency of vibration. 

The problem, then, is to determine, given a set of 
rotor parameters, for what rotor speeds complex roots 
of the frequency equation exist. To accomplish this in 
general is rather difficult, since the equation is of the 
fourth degree in ©. However, certain simplifying 
specializations may be made which reduce the degree of 
the frequency equation. Experience has shown that 
these specializations cover, with reasonable accuracy, 
all cases of practical importance. The specializations 
are: 

Case I.—The frequencies that can be excited at the 
hub in the plane of rotation are the same in all directions, 
corresponding to isotropic spring restraint and mass in 
the plane of rotation. In this case the frequency equa- 
tion is factorable, each factor being of the fourth degree 
in Q. 

Case II.—The hub has only one degree of freedom in 
the plane of rotation, corresponding to infinite stiffness 
in one direction. Here the frequency equation is re- 
duced to the third degree in 0. 

The curves for a typical Case II rotor are plotted in 
Fig. 1.1. The natural frequencies are plotted against 
rotor speed, both ordinate and abscissa being referred 
to the hub natural frequency. The dashed lines repre- 
sent the case of zero coupling between rotor and hub, 
which is the case when the rotor blade mass approaches 
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Fic. 1. Particular case of the undamped frequency equation 
plotted with rotor speed as the independent variable (Case II). 
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GROUND VIBRATIONS OF HELICOPTERS 225 


zero. The uncoupled hub frequency is represented by 


" the horizontal lines and the blade frequencies by the 


rotated hyperbolas. As the coupling is made different 
from zero (solid lines in Fig. 1), the natural frequencies 
are represented by curves that pull away from the 
intersection of the uncoupled blade and hub curves at 
their intersections. This causes a gap to appear be- 
tween the points labeled A and B in Fig. 1. The range 
of rotor speeds between A and B is a range of instabil- 
ity, since in this range a pair of real roots of the fre- 
quency equation becomes a pair of complex roots. 
It will be noted that the intersection of one of the un- 
coupled blade curves and the uncoupled hub curve, 
labeled C in the figure, is always a point of the range 
of instability. The point is given, for both Case I and 
II rotors, by 


p= (1+ VAr + As — ArAs)/(1 — Ar) (1) 





where the symbols have the following definitions: 


Ay = mel/I 

Ao = w/w? 

As = */2[nm/(M + nm)] (ml?/I) 
p= w/wy 


where" equals the number of blades in the ro- 
tor. 

The point given by Eq. (1) will be called the “‘center”’ 
of the instability range. It will assume greater impor- 
tance in the discussion to follow concerning the damping 
required to eliminate the range of instability. 

In addition to the instability, there is a phenomenon 
of some importance which may be termed ‘“‘flywheel- 
type resonance”’ in analogy with a flywheel rotating at a 
speed equal to the natural frequency of its shaft. 
Whenever one of the natural frequencies of the rotor- 
hub system is equal to the rotational speed, any un- 
balance or once-per-revolution aerodynamic force will 
be magnified. The critical speed for resonance is at 
the point of intersection of a straight line through the 
origin of slope one and the frequency plot (point D in 
Fig. 1). The critical rotor speed, p, at which the reso- 
nance occurs is given by 


(Ar — Ae) + V (Ar + As)? + 4oAs 
2(Ai + As) 
for Case I. The corresponding equation for Case II 


is more complicated, the critical speed being given by 
the solution of 


(1 — p*)(Aip? + Az)(Aip? + Ae — 4p?) — 
Asp*(Aip? + Az — 2p?) = 0 (3) 


which is a cubic equation in p*. When A, = 0 (drag 
hinges with no blade centering springs), as is often the 





(2) 





p= 


’ case, the degree of the equation is reduced by two, be- 


coming approximately 


p? = 2Ai/(2A1 + As) (4) 


The values of p given by Eqs. (2), (3), and (4) are al- 
ways less than unity. 


Rotors WITHOUT DRAG HINGES 


The application of these equations to rotors without 
drag hinges is not difficult. As is well known,® the 
chordwise bending frequency of a rotating bar may be 
closely represented by an equation of the following type: 


i? = Ayo? + w,? (5) 


where w, is the natural frequency of the bar at rota- 
tional speed w, w, is the natural frequency of the bar 
when w = 0, and A; is some number. The paper of 
Sezawa and Utida® contains exact calculations for the 
values of A; for flapping motion of uniform propeller 
blades. In the lowest mode of vibration the value given 
is A; = 1.187. While this value is for a uniform blade, 
there is little change in the value for tapered blades in 
the lowest vibration mode. It can be shown that the 
value of A; is reduced by unity for blade modes in the 
plane of rotation (chordwise). Thus, for rigid rotors 
the following values are to be used in the equations: 


Ag = w,?/w,? 
COUNTERROTATING ROTORS 


Counterrotating rotors may be divided into two gen- 
eral groups: (1) coaxial rotors and (2) rotor pairs in 
which the hubs are separated by some distance. Co- 
axial rotors introduce no special difficulties in the ground 
vibration analysis. Theory demonstrates that for each 
hub natural frequency the coaxial rotor behaves like a 
single Case II rotor. All the Case II equations then 
apply when, for the number of blades, the number in 
the combination system is used. In the case where the 
rotor hubs are separated, the situation is similar, except 
that yawing modes of the aircraft as a whole become 
significant. The Case II equations again apply. 


Wits DAMPING 


Suppose, now, that viscous damping is supplied to 
both the hub motion and the blade motion about the 
drag hinges in such a manner that for a hub velocity, 
%, a damping force —C% results and that for a blade 
angular velocity about the drag hinge, ¢, a blade torque 
—C,¢results. With the addition of damping, the prob- 
lem is much the same as without damping, except that 
the frequency equation has complex coefficients. This 
makes it impossible to plot the natural frequencies as in 
the case of no damping. However, a subterfuge, as is 
sometimes used in flutter analysis, circumvents this 
difficulty. 

The frequency of oscillation, 2, is assumed real, cor- 
responding to the borderline between stability and in- 
stability. At such a borderline the imaginary part of 
2, which, when positive, represents an exponential decay 











Pre 


Fic. 2. Roots of the real and imaginary equation for a particular 
rotor with damping (Case I). 


(stability) and, when negative, represents an exponen- 
tial increase of amplitude (instability), is changing sign. 
With Q assumed real, the frequency equation is separated 
into its real and imaginary parts. Both the real and the 
imaginary equations are plotted, regarding Q as a func- 
tion of the rotor speed, w, and the intersections then 
represent real roots of the complete complex equation. 
Fig. 2, which is taken directly from Coleman,' shows the 
curves for a particular Case I rotor. Whatever the 
values of the damping, the imaginary curve passes 
through the ‘‘center” of the range of instability with 
no damping. The real equation is similar to the case 
of no damping. As the product of the blade and hub 
damping is increased, the real equation behaves very 
much like the frequency curve without damping when 
the coupling is decreased. The intersections of the 
real and imaginary equations then approach the center 
of the instability range and finally join at that point. 
The quantity of damping required to remove the range 
of instability is then given by the damping required to 
cause the real equation to pass through the center 
of the range of instability. By this procedure, let- 
ting 


C/(M + nm)w, 
C,/TIw, 


»» 
nN 


od 


there follows the formula 


where p is that value given by Eq. (1). 

For a Case II rotor the behavior of the real and imagi- 
nary curves is somewhat different than for Case I. 
The imaginary curve does not pass through the same 
point independently of the damping, since the value of 
p at which the curve intersects the line where 2/w, = 1 
depends upon the ratio of blade to hub damp- 
ing. 

However, the dependence is not strong, and it is pos- 
sible to give a formula that holds closely for all yalues 
of the parameters of practical importance. This for- 
mula is 


Apr, > *7/alAs/(p — 1)] (7) 
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so that for a Case II system, only one-half the damping 


needed to remove the range of instability of a Case | 
system is required. 


PRACTICAL CONSIDERATIONS 


In the majority of helicopters, the rotor shaft and 
fuselage structure form a rather rigid system so that 
modes excited at the hub, with frequencies low enough 
to result in instability or flywheel-type resonance, are 
almost always landing gear modes. The problem then 
becomes mainly the problem of the application of 
damping devices to landing gear and blades. Accord- 
ing to Eqs. (6) and (7), it is the product of the blade 
(drag hinge) and hub damping which is significant 
rather than the damping in blades and hub individually, 
The helicopter designer is thus left with the choice of 
how to distribute the damping between blades and hub 
(landing gear, in the majority of cases). The choice, 
however, must be governed by two major considerations: 
(a) the stresses induced in the main rotor blades because 
of the drag-hinge dampers, and (b) the elimination of 
flywheel-type resonance. 

Both of these factors emphasize the desirability of 
placing’greatest reliance on hub or landing-gear damp- 
ing. In a flywheel-type resonance mode in whtich the 
hub motion is circular, blade dampers are completely 
ineffective, since the blade angles are constant in time. 
In noncircular hub modes the blades move in a chord- 
wise sense so that blade dampers are somewhat effective. 
However, much larger reduction of the amplitude at 
resonance can be obtained by hub (landing-gear) damp- 
ing. With regard to the blade stresses, it is clear that 
they are reduced by decreasing the blade drag-hinge 
damping. 

A few words concerning the various types of blade 
dampers and landing gear are pertinent at this point. 


LANDING GEAR 


In helicopters that have rigidly mounted rotors with 
drag hinges, the hub-excited natural modes of oscillation 
whose frequencies are low enough to give instability or 
resonance in the range of rotor operating speeds are, 
as has been mentioned, landing-gear modes. By a 
landing-gear mode is meant motion of the aircraft asa 
whole involving tire deflection and, with certain kinds 
of shock struts, deflection of the struts. The frequen- 
cies of landing-gear modes usually are somewhere be 
tween 80 and 200 cycles per min. Since for the center 
of the range of instability, as given by Eq. (1), is in all 
practical cases between 1.3 and 2.0 and since rotor 
speeds rarely exceed 300 r.p.m., it is clear that hub 
excited frequencies much above 200 are of no impor- 
tance for instability. Since the critical p for resonance 
may be as low as 0.7, modes of higher frequency may 
be of importance. Experience has demonstrated, how- 
ever, that flywheel-type resonance is not a major prob- 
lem. 
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The damping in the landing-gear modes depends al- 
most entirely upon the type of shock strut. With ex- 
tremely stiff shock struts the landing-gear mode is a 
tire deflection mode, and tires afford little damping. 
For example, one of the most commonly encountered 
landing-gear modes is a lateral motion of the aircraft 
which is really a rotation of the aircraft about an axis 
at or near the ground level at a frequency of somewhere 
near 100 cycles per min. If there is no shock strut de- 


flection, the damping for this mode has been found to. 


vary between 5 and 10 per cent of critical damping. 
This is not very much damping, so that reliance for 
eliminating instability must be placed on high blade 
damping. As a result the chordwise blade stresses 
may be high. If, however, reasonable care is taken in 
the design of shock struts, damping in this mode of 
oscillation may be as high as 75 per cent of critical 


damping. The blade damping may then be reduced by 


a factor of from 8 to 15. 

There are several factors that influence the quantity 
of damping which can be obtained from shock struts: 

(1) It is necessary to ensure that the struts are free- 
acting—i.e., that the break-away force is low. The 
relatively tight seal in conventional air-oil struts, 
necessitated by the high air pressures employed, makes 
this sort of strut unsuitable from this point of view. 
Another source of high break-away force is a bending 
moment in the strut introduced by mounting the wheel 
off the axis of the strut or by placing the strut in such a 
manner that the loads are not entirely axial. This 
causes bending which, in turn, results in large break- 
away forces. 

(2) If the stiffness of the strut is large compared 
with the tire stiffness the mode will, of course, involve 
little shock strut motion, even if the latter are quite 
free-acting. As a result, the damping will be almost 
entirely contributed by the tires. 

(3) Some damping device obviously must be incor- 
porated in the design. This damping might be obtained 
by forcing either air or oil through an orifice. 

Considering the above factors, one particular design 
seems to suggest itself; namely, a spring-oil strut 
mounted in such a manner that no binding occurs. The 
use of a spring, rather than air as in the usual strut, 
makes it possible to do without a tight air seal. In addi- 
tion, a strut stiffness may be achieved which gives a low 
tatio of strut stiffness to tire stiffness. Other designs, 
such as a low-pressure air strut that employs the air 
both as spring and damping medium, appear suitable. 


FLoats 


From a theoretical point of view there are, of course, 
no special features in connection with floats which must 
be taken into account. The natural frequencies of 
significance are still those excited at the hub, and the 
ground vibration analysis is still to be carried out as for 
any other type of landing gear. There is a practical 
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difference, however—the spring stiffness of bag-type 
floats varies considerably with the loading, so that the 
natural frequencies that can be excited at the hub de- 
pend upon the lift of the rotor. Thus, when the natural 
frequencies determined with the aircraft on floats are 
used in the calculations for the center of the range of 
instability, the critical speed for flywheel-type reso- 
nance, or the damping required to remove instability, . 
the results are misleading. The aircraft may exhibit 
no instability or resonance while being revved-up at 
zero or nearly zero lift; but, as the rotor pitch is in- 
creased and the floats are unloaded, some natural fre- 
quency may be lowered sufficiently to result in instabil- 
ity or resonance. One answer to the problem is, of 
course, to provide sufficient damping in floats so that, 
even should a latent range of instability be present, 
instability will not appear. 


BLADE DAMPERS 


Blade dampers fall into three main categories: (1) 
friction type; (2) viscous type, where the damping force 
is proportional to the velocity; (3) hydraulic, orifice 
type, where the damping force is roughly proportional 
to the square of the velocity. 

The theory of mechanical instability and resonance, 
is, of course, worked out for viscous damping, since only 
viscous damping can be handled mathematically with 
facility. However, if it is assumed that the modifica- 
tion of the harmonic nature of the oscillations by the 
dampers can be neglected, a reasonable basis for com- 
paring the several types of dampers may be arrived at. 
The usual assumption is that dampers are equivalent 
when they dissipate the same quantity of energy per 
cycle. On this basis the equivalent viscous damping 
coefficient of a friction damper is inversely proportional 
to both the frequency and amplitude of the oscillation. 
This fact is of great importance in helicopter design, 
since it implies that if the blades should somehow be 
subject to a sufficiently large displacement, such as 
might be the case in a hard one-wheel landing, the 
danger of the development of an instability would be 
great; should it develop, the violence would be explo- 
sive. If friction blade dampers are designed to provide 
sufficient damping for large displacements, the original 
purpose of the drag hinges is defeated; the hinges would 
provide no stress relief under flight conditions because 
the dampers would act effectively like clamps for the 
relatively small oscillating torques acting in flight. 

Since the equivalent viscous damping for square law 
dampers is directly proportional to the frequency and 
amplitude of vibration, this type is suitable for elimina- 
ting instability. When friction in the orifice damper is 
neglected, it is clear that for small oscillations the avail- 
able equivalent viscous damping is less than the re- 
quired damping. However, as the instability builds up, 
the amplitude of the blade about its drag hinge increases 
until a point is reached where the equivalent viscous 
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damping is large enough to prevent further build-up of 
the instability, and equilibrium results. If the orifice 
is sufficiently small, the equilibrium is quickly reached 
at a small amplitude. In addition, the friction that is 
incidentally present serves to prevent small oscillations 
so that, if the orifice is sufficiently small, the amplitude 
at the instant the break-away force (torque) is reached 
is already large enough to give the required equivalent 
viscous damping. 


METHODS OF TEST 


An elaborate vibration test preliminary to carrying 
out the calculations for the center of the range of in- 
stability, the critical speeds for resonance, and the re- 
quired damping for removing the instability is not 
necessary. The following test procedure is recom- 
mended when orifice type dampers are employed: 

(1) Remove the blades and substitute an equal, 
concentrated weight at the hub. 

(2) By means of external exciters, such as eccentric 
rotating weight, elastic, or magnetic vibrators, deter- 
mine all the modes of oscillation which can be excited 
by oscillatory forces in the plane of rotation. The low- 
frequency modes may be excited by hand. 

(3) By using Eq. (1), ealculate the center of the 
range of instability. 

(4) Estimate the effective mass of those modes 
which may be critical for flywheel-type resonance. The 
effective mass may be measured, if desired, by placing 
several different known weights at the hub and meas- 
uring the associated natural frequericies. It is recom- 
mended that the varied weight at the hub be kept rea- 
sonably close to’the blade weight to avoid changing the 


mode of oscillation by an appreciable degree. If the 
relation 
1/w,? = (1/k)(M + AM) (8) 
where 
w, = natural frequency of hub in rad. per sec. 
k = spring stiffness of hub in Ibs. per ft. 


M = effective mass of mode in slugs 
AM = added known mass 


is plotted with 1/w,? as ordinate and AM as abscissa, 
the intersection of the line with the abscissa is the effec- 
tive mass of the mode of oscillation. 

(5) Using the effective mass of the mode as esti- 
mated or experimentally determined, calculate the 
critical speeds for flywheel-type resonance. 

(6) ‘The damping required for the elimination of the 
unstable range may now be calculated. Since the cal- 
culations give only the product of the required blade 
and hub damping, at least one of these values must be 
measured. The hub damping can be measured by decay 
curves of the free oscillation of the natural modes, and 
the blade damping can be found by direct measurements 
of the force versus velocity curves. The equivalent 
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viscous damping for the orifice dampers may be closely 
obtained on the basis of equivalent energy dissipa. 
tion. 

(7) If a set of variable orifice blade dampers are 
available, the calculations for the damping may be 
omitted. The orifice may be made as small as possible 
for the first rev-up, and succeeding rev-ups can be car- 
ried out with progressively larger orifices until a slight 
instability appears. The slight instability will, as 


. previously pointed out, manifest itself by a small ampli- 


tude oscillation. Instability may be recognized by the 
circumstance that the ratio of the rotor speed to the 
oscillation frequency will be close to the value of for 
the center of the unstable range. The frequency of the 
oscillation will be close to the natural frequency of the 
associated mode of oscillation. (This is to be distin- 
guished from a flywheel-type resonance in which the 
ratio of the rotor speed to the oscillation frequency is 
always unity.) The proper damping is thus experi- 
mentally determined. 

In the case of rotors without drag hinges or if friction 
blade dampers are used, for which the calculations warn 
that an instability is possible in or near the range of 
rotor operating speeds, additional precautions are ad- 
vised for initial rev-ups. The procedure is the same as 
for rotors with orifice dampers except as follows: 

(1) Obtain the natural frequency of the blades in 
chordwise bending in the case of rotors without drag 
hinges. The blade should be mounted in a jig so that 
the uncoupled blade bending mode is obtained. At the 
same time the blade damping should be obtained by 
means of decay curves. 

(2) It is recommended that the initial rev-ups be 
carried out in the following manner, so that, if an insta- 
bility should appear, it may be controlled. Cable 
should be attached at four points to a nonrotating part 
of the aircraft structure as near to the main rotor as 
possible, the cable on each side of the aircraft forming 
one continuous length. Snubbing posts should be 
driven into the ground and the cable wrapped loosely 
around the posts. The posts should be so located that 
the four lines of cable running from the aircraft to the 
posts make angles of approximately 45° with the 
fuselage centerline. Ropes may then be attached to the 
cables midway between the snubbing posts so that pull- 
ing on the robes causes the cables to tighten, thereby 
snubbing both lateral and fore-and-aft motions of the 
aircraft. The rotor may then be revved-up by increas- 
ing the rotor speed by small increments, pausing long 
enough at each new rotor speed to establish that the 
aircraft is free of instability. 
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Landing Gear Strength Envelopes 


J. F. McBREARTY* anno D. C. HILLt 
Lockheed Aircraft Corporation 


ABSTRACT 


In this paper is presented a method for constructing diagrams 
illustrating the strength of landing gear structures for various 
combinations of loads. The diagrams show graphically the 
maximum combinations of vertical-drag and vertical-side loads 
which a landing gear can sustain without failure. Strength dia- 
grams for several different airplanes are presented and their 
significance is discussed. 

The charts facilitate a comparison of landing gear strengths, 
are useful in determining the effect of physical changes to the 
gear structure, and are helpful in the derivation of suitable 
ground load strength requirements. 


INTRODUCTION 


I THE DEVELOPMENT OF SUITABLE DESIGN LOADS for a 
nose landing gear a few years ago, a number of 
methods were employed to derive these loads and to 
check their adequacy. One of these methods was the 
construction of diagrams showing graphically the actual 
strength of nose landing gears then in service. Recent 
activity on ground load design criteria and an increased 
amount of emphasis on charts of all kinds for expressing 
more clearly the full capabilities of the airplane have 
indicated to the authors that the landing gear strength 
diagram can be of considerable service. 

Other diagrams that have been found extremely use- 
ful in aircraft design work and in airplane specifications 
are the V-g envelope, the load factor-weight diagram 
and the weight-center-of-gravity envelope. These 
charts possess a common theme—that of presenting the 
complete boundary of the relationship of the two-or 
more pertinent variables with the important feature 
that the infinite family of combinations within the 
boundary or envelope is a complete description of the 
capability of the airplane in this regard. 

A landing gear strength envelope is such a diagram, 
and this paper explains its construction and some of the 
uses to which it may be put. 


THE SIMPLE STRENGTH ENVELOPE 


The strength envelope is a simple chart and is derived 
from the simplest fundamentals of mechanics. Essen- 
tially, the diagram is a rectangular plot of the strengths, 
in any convenient units, of the various members making 
up a complete structure. For example, the strength 
diagram of a single pin-ended tube consists of a single 
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line made up of two vectors directed oppositely from the — 
origin, one indicating the compressive strength and the 
other the tension strength. 

Consider first the simple case of the Vee-shaped ar- 
rangement of the two members in Fig. 1—the basic 
element of the truss. These members have certain 
minimum “allowable” loads in both tension and com- 
pression, for example as shown. These allowable loads 
correspond to whatever modes of failure the members 
are subject, such as column failure, crippling, shear 
failure of the pin, fitting failure, etc., and may be known 
from test or from calculation. 

In Fig. 2, the same members are shown together with 
a vector diagram constructed in the usual manner. 
However, since the parallelogram has been constructed 
using as‘components the strengths of the members, then 
it clearly follows that the arrangement can be subjected 
to any load starting at the origin and ending within the 
boundary of the parallelogram without exceeding those 
strength limits. 

Similarly, the strength envelope for the Vee truss can 
be completed as shown in Fig. 3. It will be noted that 
the two members so arranged can sustain substantial 
loads in any direction even though they are designed 
intentionally perhaps for only one or two particular 
vectors. This simple diagram illustrates all the fea- 
tures that it is desired to exploit in the landing gear 





8 
ALLOWABLE TENSION » 
LOAD IN MEMBER 8C ALLOWABLE TENSION 


LOAD IN MEMBER AB 


Fic. 1. Allowable load vectors for a simple vee truss. 








Fic. 2, Strength vector diagram for a simple vee truss. 
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Fic. 3. Strength envelope for a simple vee truss. 
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Fic. 4. Strength envelope for a simple landing gear—side view. 


strength diagrams to follow: the complete load carry- 
ing capacity of the structure, the maximum and mini- 
mum loads and their direction, the mode of failure for a 
particular load, and the effect of a load vector extending 
beyond the boundary. 


THE LANDING GEAR STRENGTH ENVELOPE 


The extension of this simple principle to a complete 
structure, such as a landing gear, is actually no more 
difficult but does entail more labor because of the 
many members; the many modes of failure that must 
be checked such as end fittings, welds, interactions, etc.; 
and the fact that it is desired to present the strengths in 
all three dimensions. It should be noted, however, that 
all these factors must be accounted for in the structural 
analysis in any event. 

Fig. 4 shows a sample landing gear strength diagram 
using some typical strength lines or modes of failure. 
These lines represent the locus of the components of 
vectors at the hub which will produce the critical mem- 
ber load. Thus, in the case of the drag brace that is 
loaded by a horizontal component only, the strength 
line for this member consists of two vertical lines: X = 
C, and X = Cy, where C, and C, represent the loads 
that produce ultimate tension and compression, respec- 
tively, in the drag brace member or its attachments. 

Similarly, if the axle is critical in bending, its strength 
line would be a circle, part of which is shown in this 
diagram. In the case of the piston tube’ or cylinder, 
combined axial and bending loads may be critical and 
the strength line will be an ellipse as illustrated. 
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The inner boundary of this diagram again represents 
the strength envelope for this gear. The gear can sus. 
tain any load directed from the origin (hub) to the 
boundary, and the mode of failure for a particular load 
is indicated by the particular curve that forms the 
boundary at the intersection. 

Some assumptions that the authors have found most 
convenient in the construction of actual strength dia- 
grams for landing gears are included below: 


(1) Apply’drag and vertical loads at axle. 

(2) Apply side loads at ground contact point. 

(3) Assume tires in the static position. 

(4) Assume shock strut in extended position. 

(5) Orient diagram with airplane reference line 
horizontal. 

(6) Assume zero side loads in vertical-drag load 
diagram. 

(7) Assume zero drag loads in vertical-side load 
diagram. 

(8) Show side-drag load relationship by means of 
“section views’ when needed. 

(9) Confine diagram to structure not appreciably 
affected by dead weight inertia. 

(10) Neglect rebound loads for convenience. 


The strength diagrams for the Constellation airplane 
shown in Fig. 5 and the other diagrams that follow have 
been based on these assumptions. Of course, variations 
of these assumptions may be made to suit the purpose 
intended. For example, to illustrate the comparative 
susceptibility to oscillatory drag loads, it is convenient 
to orient the diagrams with the shock-strut axes vertical. 

In Appendix I, there are presented general equations 
and tables for obtaining the strength lines for various 
parts of a generalized landing gear structure. These 
equations and constants are directly applicable to a 
great many landing gear geometries. 


DISCUSSION OF LANDING GEAR ENVELOPE USES 


The usual method of specifying the strength require- 
ments for aircraft landing gears consists of prescribing 
a number of rational or arbitrary conditions which the 
structure must be capable of sustaining. Such condi- 
tions include level landing, tail-down landing, turning, 
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Fic. 5. Constellation strength envelope—main gear. 
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twisting, towing, braking, and a host of others, and the 
structure must be analyzed and/or tested for each of 
these to demonstrate that the structure is adequate or 
the condition not critical. 

The structural analysis under this system involves the 
determination of the load, moment, torque, or shear in 
each part for each condition likely to be critical and the 
comparison of this loading with the allowable loading 
for the part. The addition of a new design condition 
requires the repetition of this process. In such a case, 
the strength diagram can be useful because it shows at 
a glance whether or not the structure can sustain a new 
design vector and which member or part is critical. 

The diagrams are also useful in determining at a 
glance what effect an increase or decrease in the strength 
of a particular member has on the overall strength of 
the gear. At the same time, the complete system of 
strength lines on the diagram indicates locations where 
weight may be saved without impairing the strength. 

It has also been found convenient to use the landing 
gear strength diagram as a means of comparing loads 
encountered in service with the capabilities of the struc- 
ture in much the same manner that flight loads are 
spotted on V-g diagrams. The frequency with which 
these loads are encountered develops a pattern pointing 
the way to improvements in the strength or weight 
characteristics of the structure. The measurement of 
landing gear loads by means of strain gages in actual 
landings is thus put to direct use, since these measure- 


ments can be collected statistically and compared with — 


the strength of the gear structure in a graphic manner. 

Perhaps the most important use of the landing gear 
strength envelope is found in connection with the de- 
velopment of suitable airworthiness, or perhaps more 
aptly “landworthiness,’’ requirements. In such prob- 
lems, the most practical and tangible evidence upon 
which to base new criteria or which may be used to 
guide development is the capability of structures that 
have experienced satisfactory service. It is certainly 
not enough merely to know that a structure is good for 
certain design conditions, since the amount of over- 
strength or the effect of geometry may be largely re- 
sponsible for the success of the structure. In the fol- 
lowing, this feature of the diagram is discussed in some 
detail. 

It can be seen that if the landing gear strength enve- 
lopes for several successful airplanes are superimposed, 
there is formed a new boundary or envelope for the 
aggregate. All these gears can at least sustain loads 
within this “‘No Man’s Land.” 

Obviously, to derive the utmost statistical benefit 
from the strength diagrams of a limited number of air- 
planes, it is necessary to utilize some suitable common 
denominator or parameter so that all are on the same 
basis. In Fig. 6 appear the main gear strength enve- 
lopes for several airplanes in use today, including nose- 
wheel and tail-wheel types. The parameter used here 
has been simply the airplane gross weight, since the gen- 
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Fic.6. Comparative strength envelopes for several main landing 
gears—actual strength divided by airplane weight. 
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Fic. 7. Comparative strength envelopes for several nose landing 
gears—actual strength divided by airplane weight. 
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Fic. 8. Comparative strength envelopes for several nose landing 
gears—strength divided by weight times load factor. 


eral function of the airplanes shown is nearly the same 
for all. It will be noted that there is a considerable 
scatter in relative strengths which may imply that there 
is weight to be saved, since the service records of these 
airplanes to date appear to be satisfactory. 

Strength envelopes of nose landing gears of several 
airplanes are shown in Fig. 7, plotted in terms of gross 
weight only. Here the.scatter reveals the effect of other 
variables such as center-of-gravity position, wheel base, 
engine location, and steering features. 

In Fig. 8, the strength envelopes for the nose gears 
of Fig. 7 have been plotted in terms of nW, where n is 
the basic landing load factor and W is the gross weight. 
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Fic. 9. Comparative strength envelopes for several nose landing 
gears—strength divided by R, times load factor. 


Since the basic load factors for airplanes of the same 
general type do not vary greatly, the scatter in Fig. 8 
is not significantly reduced from that in Fig. 7. 

The effect of wheelbase and center-of-gravity position 
has been accounted for in the nose gear diagrams of 
Fig. 9. This is a plot of the ground load strength com- 
ponents in terms of the basic design load factor and 
the “dynamic nose-wheel load.’’ The dynamic nose- 
wheel load is defined as the nose-wheel reaction due to a 
1g down load at the center of gravity and an airplane 
deceleration of 10 ft. per sec. per sec. and is currently 
used for the selection of nose wheels and tires. Since a 
deceleration of 10 ft. per sec. per sec. is 0.31g and since 
the most common drag component for design is 0.33, 
the parameter used is roughly proportional to the nose- 
wheel load in the “‘inclined reactions” landing condi- 
tion. 

A study of the superimposed diagrams in Fig. 9 shows 
that the scatter is considerably less than that in Figs. 
7 and 8. The remaining scatter is attributed to special 
considerations of engine location and power, steering 
provisions, overstrength design, and inherent geometric 
qualities. 

It is believed that parameters suited to the purpose 
can be determined on a rational basis to present the 
comparative landing gear envelopes in a more rigorous 
manner. However, further data on these airplanes 
were not available to the authors, and hence the dia- 
grams have been presented more to illustrate how they 
may be used than to indicate specific solutions. 


CONCLUSION 


This paper has described a method for presenting a 
graphic summary of landing gear strengths which has 
proved useful to the authors and has illustrated some 
of the applications where others may find it a‘convenient 
tool. There are many variations of the method which 
lend themselves to specific cases, and only the simplest 
applications have been discussed here. For example, 
moment vectors can be presented in the same manner 
and other, more complex structures can be described. 
In any case, however, it is recommended that wider use 


of these and similar charts be made in order to surround 
and define the variables and to permit full exploitation 
of the capabilities of the airplane. 


Appendix I 


EQUATIONS FOR CALCULATING LOADS IN MEMBERS 
AND LINES IN STRENGTH ENVELOPES 


This appendix presents a series of equations for evalu- 
ating the loads in the various members of a generalized 
landing gear in terms of the external loads applied on 
the fully extended shock strut. 

Drag loads are assumed to be applied at the hub, while 
side loads are applied at the ground contact point. 

The critical sections are divided into two groups; 
those critical for tension or compression and those criti- 
cal in bending. No attempt is made to evaluate com- 
bined bending and compression stresses. 

The generalized landing gear is shown in Fig. 10, 
The general equations for loads in members are: 

Group I—End Loads on Members— 


Pace = C\Py + C2Pp + C3Ps 
Group II—Bending Loads on Members— 
M, = CiPy + C:Pp + GPs 


Mz = CxPy + CsPp + CcPs 
M,= VM? + M2 


4 
4 


The formulas for these constants are shown in Tables 
1 and 2 for the various sections considered. 

The strength envelope itself is a three-dimensional 
surface. It may, however, be conveniently represented 
by plotting the intersections of various planes, such as 
Ps =0,Pp = 0,or Pp = Ps. The lines in these various 
planes may be plotted by substituting Ps = 0, etc., in 
the general equations and solving for Pp, etc., in terms 
of Py and the allowable load on the section in question. 

The determination of a strength envelope by means 
of the constants shown in Tables 1 and 2 is shown fora 
sample landing gear. The values of the various con- 
stants for this gear are given in Table 3. 


~— 








SIN 6=q 
COS A= r 











Fic. 10. Generalized landing gear. 
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TABLE 1 























Formulas for Constants—Group I—End Loads on Members 
A B Cc D E 
<I Member Load on Vertical Vertical Drag Load Drag Load 
Fic, - ee Drag Strut Load at ‘‘S” Load at ‘“‘T”’ at 71S” at “7” 
Constant ng Pye | Por Pus Pur 
“ é, kd + (f—m)c (e + the + rtC\a (s — e)e + rsCia mde t)d + gtC\a —(s — e)d + qsCia 
(for Py) n s+t s+t s+t s+t 
C: mhe + (f— md (e+ d+ 1a (5s ee eshea (e + Ne + gtCra (s = ee + qsCra 
(for Pp) n s+t s+t s+t s+t 
Cs 0 A — Gs C— 2) —Csp 
(for Ps) st+t st+t 
oo TABLE 2 
Formulas for Constant—Group II—Bending in Members 
=? Member F G 4 H J 
} Bending at Bending in Piston Bending in Bending in 
Constant Bin ees Root of Axle Tube (Section B-B) Shock Strut Shock Strut 
Hine (Section A-A) (Section C-C) (Section D-D) 
Ci 
(for Py in M,) 0 e[c + (di/g)] ec Cin 
C2 
(for Pp in M,) —b e[d — (ci/g)] ed Con 
C; 
(for Ps in M,) 0 alc + (di/g)] + h — (fi/g) ac+j ac+uv 
C; 
(for Py in M.) b cf + dh cf + dj of + dv — aqCia 
Cs 
(for Pp in M2) 0 df — ch df — cj df — cv — aqCra 
Cs 
(for Pgs in M,) a 0 0 0 
. sali TABLE 3 
Evaluation of Constants for Sample Gear 
oC Case 
onstant 
— A B Cc D E F G H J 
Cy 0.154 0.588 0.541 —0.0461 0.0231 0 16.33 14.93 14.93 
Cy —3.290 —0.350 — 2.400 0.334 —0.983 —-10.0 —12.44 1.50 1.50 
C3 0 2.708 —2.708 —0.171 0.171 0 42.70 62.90 78.90 
Cs ae eae ae rai ane 10.0 1.005 3.305 3.03 
Cs plead atte ee ee ee 0 — 20.00 —42.89 —18.71 
Ce - «ie bed waite site 20.0 0 0 0 
Maximum load from) Pos. 126,700 99,600 121,800 13,200 36,480 990,000 1,890,000 2,400,000 2,820,000 
design loads {Neg. —147,800 —71,000 —84,000 —14,700 —45,520 el ee iy seg 
Allowable load 100,000 125,000 
+ 150,000 +15,000 +48,000 1,000,000 2,000,000 2,500,000 2,900,000 
— 75,000 — 100,000 


From these constants the strength envelope is con- 
structed by substituting allowable member loads and 
constants in the general equations. For example, the 
line in the Py = 30,000 plane for drag load on the out- 
board fulcrum point is: 


+15,000 = —0.0461 (30,000) + 0.334Pp — 0.171Ps 





Pp = +49,000 + 0.512Ps 
or 
Pp, = —40,800 + 0.512Ps A. ' 
DRAG LOAD x10 SIDE LOAD x 10* 
These equations define the drag and side loads which, Fic. 11. Strength envelopes for sample landing gear. 
when combined with a vertical load of 30,000 Ibs., 
will apply the allowable load to the member in ques- Fig. 11 shows the strength envelopes for the planes 


tion. Ps = 0 and Pp = 0 superimposed on side and aft views 
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Tires = 17.00—20L.P. 

Shock strut = 6-in. diameter piston—13-in. stroke 
(2) Dimensions 

Strut angle = a = 5° 44’ to ground 

Drag brace angle = 30° to shock strut = 8 





g a = rolling radius = 20.0 in. 
b = distance to root of axle = 10 in. 
¢ = cos a = 0.995 
d = sin a = 0.100 
by A e = lateral strut offset = 15 in. 

waned IN AXLE f = aft strut offset = —1 in. 

PISTON @ nies erat g = torque arm moment arm—forward = 10.5 
UP LOAD h = distance—axle to centerline low. brg. = 20.0 
Fic. 12. ‘‘Contour’’ strength envelopes for sample gear at vari- t= distance—torque arm to centerline low. brg. = 

ous vertical loads. 9.8 
j = distance—axle to D.S. collar = 43.0 
of the gear. Fig. 12 shows “‘contour’’ strength enve- k = distance—axle to fulcrum = 75.0 
lopes for various values of vertical load. m = fulcrum offset = 3.0 in. 

Study of the various envelopes plotted for this gear nm = arm of drag brace about fulcrum = 22.8 
shows the following points: g = sin B = 0.500 

(1) An increase in vertical load results in an increase r = cos 8 = 0.866 
in allowable aft and inboard loads and a decrease in s = outboard fulcrum length = 30 
allowable forward and outboard loads. ¢ = inboard fulcrum length = 5 

(2) Each section investigated is critical for some u = distance—axle to section at side strut = 59.0 


load direction. a, = distance—D.S.-S.S. intersect below side strut = 
(3) The addition of some inboard acting load in- 94.4 


creases the allowable vertical load. 
Member sizes are based on the following loading 





SAMPLE GEAR conditions: 
(1) Basic Cond.No. 1 1A 2 2A 3 3A 4 
: : : = Py 59,700 58,700 90,000 90,000 45,000 45,000 55,200 
Design gross and landing weight 40,000 Ibs. ~ 47°700 —35°700 22'500 —22'500 4 _ a 
Ps 0 0 0 0 —36,000 27,000 —27,600 





Limit landing load factor = 3.0g 





Ground Vibrations of Helicopters 
(Continued from page 228) 
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Control Methods to the Study of Basic 
Flight Problems 


plication of Established Automatic 


ORIN B. JOHNSTON* ann JOHN M. ANDERSON? 
Minneapolis-Honeywell Regulator Company 


SUMMARY 


The use of automatic controls in flight testing inspires a new 
approach to the study of the basic flight problems. Their use 
makes it possible to record data heretofore unobtainable. The 
controls themselves improve the performance characteristics of 
the aircraft. They also ensure ability to repeat test data, 
thereby making possible truly scientific results. Actual flight 
testing is the final measure of aeronautical development progress. 
Precise results are difficult to obtain because of the number and 
type of variables influencing the data. Testing is usually divided 
into three major categories: performance, stability and control, 
and structural tests. These categories are interdependent. 
Definition of the operating characteristics of the aircraft requires 
a study of the basic flight problems. Such a study also out- 
lines the requirements of automatic controls for satisfactory 
operation. These controls as applied to aircraft are discussed 


_ under two headings—power plant and stability. Since automatic 


control parameters are based on flight performance, they are an 
invaluable flight-test tool. Their use in flight testing results in 
several advantages: crew relief; stable, dynamic, and integrated 
control of variables; evaluation of automatic control; and 
economy. Specific examples of their use in actual tests demon- 
strate the results that are possible, including the promise of 
data for the determination of the dynamic constants in the 
equations of flight. 


INTRODUCTION 


IX THE PRESENT PAPER we wish to show what the 
basic problems of flight test are, in general terms 
and with general examples, and then to discuss the 
application of specific automatic controls to their solu- 
tion. Such automatic flight controls as the autopilot 
and engine power controls were not, of course, de- 
veloped to aid in flight testing. Their function, by 
first intention, was that of relieving the aircraft operat- 
ing personnel of an arduous duty, at once improving 
the flight performance by better accomplishing the 
tiresome tasks of stability and power control and allow- 
ing the human pilot the time and freedom to attend to 
the flight planning and analysis which he alone can do. 
Automatic controls when used in flight testing, however, 
are of material aid for the same reasons; they permit 
duplication of maneuvers with mechanical precision 
and they perform without fatigue over extended 
periods. The pilot is thus able to assume his role of 
engineer and analyst and his duties as planner and co- 
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ordinator without distraction. This results in record- 
ing better data and, further, the possibility of obtaining 
data heretofore outside the realm of practical attain- 
ability. 

There is, in control problems, a cycle of effort and 
achievement. A control is first conceived as a device 
to relieve human work. Then it is regarded as an im- 
provement and a part of the process or device that it 
controls. Finally, it is used as a basis for further 
analyzing and examining the process or device, with the 
usual result of greatly improving performance. 

Flight testing with the use of automatic controls 
exemplifies the final stage in the cycle, and it will lead 
directly to aircraft design with the control as an 
integrated part of the aircraft rather than a pilot relief 
accessory. This may open another path to greater 
achievement in design. 

The use of automatic controls in flight testing in- 
spires a new approach to the basic problems. The 
effect of using automatic controls on flight-testing 
technique is fundamental. They make it possible to 
get information heretofore unobtainable; the controls 
themselves improve the performance characteristics of 
the aircraft; and they ensure the ability of repeating 
test data, thereby assuring truly scientific results. 
These factors are illustrated in greater detail as follows: 

(1) The use of automatic controls for testing makes 
it possible to determine certain dynamic conditions of 
flight. The basic relationship expressing the dynamic 
motion of an aircraft can be formally stated as a deduc- 
tion from the Newtonian laws of motion. Such a 
statement was made early in the history of aerody- 
namic design, but the determination of the dynamic 
constants in the equations has not, to date, been 
adequately accomplished. Instead, aircraft design has 
evolved on the basis of static analysis. It now seems 
possible that the dynamic constants can be obtained in 
short-time tests through the use of precision maneuvers 
to eliminate or hold constant particular variables in the 
Such maneuvers require the precision, re- 
peatability, and control that only the automatic pilot 
can give. For example, it is possible with the auto- 
matic pilot to yaw an aircraft without rolling velocity. 

(2) The use of automatic engine and flight controls 
not only makes possible continuous control of variables 
but actually changes and improves the performance. 
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Thus, the use of engine controls materially improves 
range and endurance. 

(3) There are three basic categories of flight test- 
ing—performance, structure, and stability and control. 
One of the major problems in performance testing is 
the elimination or control of the many variables that 
affect results and generally prevent comparison of 
independently made performance tests on the same 
aircraft. This situation has been such that in the 
recent past the Army, Navy, and British test results on 
identical aircraft could not be reduced to common 
figures. Much has been done recently to alleviate this 
problem, and the use of automatic controls promises 
to make possible even better standardization. 


THE FLIGHT-TEST PROBLEM 


The basic problems affecting the progress of aero- 
nautical development are well formulated in the late 
Edmund T. Allen’s article:' ‘‘That progress (of air- 
craft design) has been principally along three parallel 
lanes: power to drive the propellers, structure to 
increase strength and reduce weight, and aerodynamics 
to decrease drag and increase stability and control.” 

Flight testing should be the final measure of this 
progress. Too often it falls far short of being such a 
measure because of the inordinately difficult problem of 
handling all the variables in a standard and repeatable 
way. In science, final proof is both quantitative and 
repeatable. Until recently, dynamic flight-test results 
were generally qualitative, being necessarily the results 
of crew impressions and interpretations and conse- 
quently not repeatable. 

Wind-tunnel testing and theoretical analysis now 
form a sounder basis for aircraft design, since a large 
portion of the limitations of wind-tunnel tests in the 
range below the speed of sound has been eliminated in 
recent years. When the operating range of the aircraft 
extends to and beyond the speed of sound, and as the 
ultimate use of aircraft is in flight, there can be no 
substitute for actual flight testing. In fact, the basis 
for validating all other design methods must come from 
flight measurements. As a consequence, the objectives 
of flight testing include an evaluation of the designer’s 
work in predicting performance and stability and con- 
trol. Further, flight testing provides the final evalua- 
tion of the aircraft in relation to its use conditions. 

The conditions of use assumed in theoretical design 
and wind-tunnel tests are abstract and concerned with 
the general problems of flight. The actual use condi- 
tions of the aircraft are complicated by a multitude of 
variables both in the environment and in the method of 
operation. Thus, flight testing alone can determine 
the reaction of the crew to the operation of the aircraft, 
an important factor. In addition, only flight testing 
can definitely establish such factors as performance at 
sea level, ceiling, range, and rate of climb. To do so, 
flight testing must be done well and thoroughly. 


As previously stated, flight testing may be and usually 
is divided into three major categories: performance 
tests, structural tests, and stability and control evalua- 
tions. Performance tests are primarily concerned with 
an evaluation of power-plant operation. Stabilsty and 
control tests are basically concerned with aerodynamic 
and flight characteristics. Structural tests are neces- 
sary to ensure the safe operation of the aircraft under 
dynamic loads. 

Table 1 lists the variables influencing flight per- 
formance. The difficulty of recording and interpret- 
ing flight test data is implicit in the number of variables, 

Table 1 is not intended to be exhaustive. As a 
matter of fact it does not include such items as change 
in wing or empennage dihedral with change in weight 
or pitch axis accelerations which might conceivably be 
measured. Neither does it include such miscellaneous 
structural distortions as “‘oil canning’’ of the skin be- 
tween structural members during high speed or rapid 
acceleration maneuvers. Such distortions have not 
been measured with a practical degree of accuracy. 
However, an awareness of their effect on lift and drag 
may materially help the analyst in explaining a scatter- 
ing of points in experimental data. 


Performance Tests 


Performance tests are run for a twofold purpose. 
They evaluate the factors that determine the results 
obtainable under different use conditions. They, 
therefore, serve as a basis for comparison of various 
types of aircraft and provide a foundation for optimum 
operation by the user, whether military or commercial. 


Further these test results are the basis for improvement 


in operating configurations. In addition, performance 
tests provide confirmation of theoretical design assump- 
tions and predictions and serve as a basis for further 
development. 

Performance test interpretations are often not stand- 
ard. For example, an aircraft manufacturer may run 
flight tests to demonstrate, for purposes of selling, the 
performance of his aircraft. His tests may show a 
ceiling of 30,000 ft., a range of 2,000 miles, and a 


maximum speed at sea level of 250 m.p.h. When the 


aircraft is delivered, the user may find the ceiling to be 
25,000 ft., the range 1,500 miles, and the speed 275 
m.p.h. The reason for the discrepancies lies in, the 
lack of specific stipulation of test conditions and meth- 
ods, as well as the assumptions made in reduction of 
the data. 

In order to obtain standard performance results that 
can be duplicated, it is necessary to specify test condi- 
tions. This specification should include detailed in- 
structions, with regard to the instrumentation for in- 
dicating atmospheric conditions and the exact details 
involved in reducing these indications to standard 
values. Allen’ has said that ‘The degree of accuracy 
attainable in measuring performance has been a highly 
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TABLE 1 
Variables That Influence Flight Performance 





Thrust * 

1. Manifold absolute pressure Map 

2. Exhaust back pressure 

3. Fuel-air weight ratio F/A 

4. Propeller r.p.m. n 

5. Cylinder head temperature th 

6. Cylinder base temperature ty 

7. Engine oil temperature to 

8. Propeller efficiency n 

9. Propeller pitch a 

* Alternative: 
1. Torque nose reading b.m.e.p. 
2. Propeller r.p.m. n 
3. Propeller efficiency n 
Flight variables 

1. Air speed, indicated and/or true V 

2. Mach number M 

3. Pressure altitude hp 

4. Angle of attack a 

5. Pitch angle* 0 

6. Roll angle ov 

7. Yaw angle y 

8. Center cf gravity c.g. 

9. Rate of climb Ch 

10. Wing flap position 6 flap 

11.. Cowl flap position 6 cowl flap 

12. Intercooler shutter position 6 shutter 


6 oil cooler 
6 landing gear 


13. Oil cooler shutter position 
14. Landing gear position 


15. Miscellaneous parasitic drag items D, 
16. Control surface positions: 
Aileron ba 
Elevator be 
Rudder 6, 
17. Control surface trim tab positions: 
Aileron Sat 
Elevator Set 
Rudder Ort 
18. Control forces: 
Aileron Fy 
Elevator F, 
Rudder : F, 
19. Angular velocities: 
Roll p= % 
Pitch q= “ 
Yaw r= “v 
20. Angular accelerations: 
Roll p 
Pitch q 
Yaw 
23. Linear velocities (along axes): 
Roll u 
Pitch v 
Yaw w 
24. Linear accelerations (along axes): 
Roll u 
Pitch v 
Yaw w 
General 
1. Time t 
2. Weight W 
3. Lift —ae ” 
4. Drag D 
5. Temperature T 
6. Humidity t'/f 
Structural 


1. Vibration 

2. Accelerations 

3. Load distribution 
4. Weight 








controversial source of irritation to both commercial 
users of aircraft interested in economy and competitive 
performance and now, more especially, to the military 
services where such accuracy may day after day be a 


matter of life and death. An accurate flight test re- 
quires four accurate factors: 


“(1) Instrumentation so that all variables can be 
measured. 

“(2) Technique of flying accurately so that what is 
measured will be representative of the optimum per- 
formance of the airplane. 

(3) Steady air to fly in, with no vertical currents 
and a reasonable temperature pattern. 

“(4) A mathematically correct analytic method to 
apply to the flight-test data.”’ 


A complete analysis of aircraft performance should 
include data on the following: (1) air speed calibra- 
tion, (2) power required, (3) rate of climb and ceiling, 
(4) polars, (5) power calibration, (6) propeller calibra- 
tion, (7) range and endurance, (8) take-off and ob- 
stacle clearance, and (9) special accessory tests (e.g., 
radio equipment). 

A complete study of each of these performance prob- 
lems requires consideration of all the variables listed in 
Table 1. In fact, economy and lack of adequate meas- 
uring equipment usually prevent obtaining full informa- 
tion on commercial aircraft. Similarly, time and lack 
of adequate measuring equipment prevent obtaining 
full data on military aircraft. 

An accurate air-speed calibration, for example, is 
primary. Since it affects all the problems, it is neces- 
sary to know the air speed for all conditions of test. 
True air speed is a factor in all performance and 
stability equations, and therefore the accurate deter- 
mination of its value has direct bearing on the accuracy 
of the final solution of any flight equation. 

Normally, air-speed calibrations include measure- 
ment and/or control of the following variables: (1) 
power or thrust; (2) pressure altitude; (3) yaw angle; 
(4) weight; (5) time; (6) course distance; (7) tem- 
perature; (8) center of gravity; and (9) configuration 
of parasitic drag—(a) wing flaps, (b) cowl flaps, (c) 
landing gear, and (d) miscellaneous protuberances, 
such as antennas. 

In addition, air speed is affected by other variables 
that are not usually recorded with desirable accuracy 
because of the lack of adequate instrumentation, a 
limited flight test budget, or a required early completion 
date. These are: (1) Mach number, the ratio of true 
air speed to the speed of sound under the atmospheric 
conditions of test, which should be considered in cor- 
recting the indicated air-speed readings at high veloci- 
ties; (2) yaw attitude of the aircraft with respect to 
the air stream, which affects the dynamic pressure at 
the pitot head in such a manner as to introduce varia- 
tions from the normal; (3) pitch and roll attitude, 
which, if variable, in turn have effects of major impor- 
tance on lift and drag, consequently the amount of 
power required for a given speed; (4) parasitic drag 
items not usually controlled and measured, for example, 
intercooler and oil-cooler shutters; (5) control surface 
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tab positions, which can influence air-speed-power 
relations if trim is not coordinated for complementary 
control of the flight attitude; (6) control force readings, 
which are necessary to determine that the control 
surfaces are trimmed for stable flight with free, or as 
close to free, controls as possible; (7) additional power 
data. Normally, accurate power indication is not 
available unless a torque meter is used for indicating 
actual torque delivered to the propeller. In the ab- 
sence of a torque meter, thrust can be determined only 
when an accurate indication of the following variables 
is available: (a) manifold absolute pressure; (b) 
exhaust back pressure and temperature; (c) fuel-air 
weight ratio; (d) carburetor inlet pressure and tem- 
perature; (e) propeller r.p.m.; (f) engine temperature 
(cylinder heads and bases); (g) engine oil temperature; 
(h) propeller efficiency (this is derived from previous 
tests), which requires measurement of free air tem- 
perature, pressure altitude, and true air speed. It 
should be further noted that measurement of free air 
temperature and pressure altitude must be calibrated for 
airspeed. (8) Accurate weight measurement—while it 
is possible to accurately determine the weight of the 
aircraft on the ground, it is quite difficult to establish 
a continuous record of weight changes in flight. Since 
the major source of weight change is in fuel consump- 
tion, the basic problem becomes one of fuel quantity 
indication. Fuel quantity is generally indicated by 
means of a float-type gage directly in terms of volume. 
Recent applications of capacitance pickups for measur- 
ing the dielectric constant of the fuel make it possible 
to indicate the fuel quantity in terms of weight. Since 
fuel density varies with changes in temperature, a rec- 
ord of the volume must be corrected to provide an 
accurate weight indication. However, in the case of 
capacitance gages, this variation in density has a 
negligible effect; since, for example, a decrease in 
density and the consequent increase in volume is largely 
compensated by a decrease in the dielectric constant 
which maintains substantially a constant total capaci- 
tance for a specific weight of fuel. 


Structural Flight Tests 


The purpose of structural tests is twofold. The user 
of the aircraft requires information on structure to 
determine the load range and, consequently, the safety 
factor under operating conditions. For example, 
extremely rough air imposes severe loads on the air 
frame, and the actual measurement of equivalents 
under flight conditions is necessary, inasmuch as these 
loads can be developed only dynamically whereas pre- 
flight structural tests are limited to static conditions. 
Dynamic loading, if properly instrumented and con- 
trolled, validates theoretical predictions and assump- 
tions and serves as a powerful tool for the advancemént 
of air-frame theory, making possible the improvement 
of aerodynamic characteristics while increasing strength 
and reducing weight. 
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The problem of making structural tests is primarily 
a problem of controlled maneuver. The forces applied 
to the structure are a result of the motion of the air- 
craft. It is quite difficult to perform precisely the 
required maneuvers, such as dives, pull-outs at pre- 
determined g rating, and landing tests. 

The recording of vibrating forces caused by the 
engine, propeller, and airflow presents the secondary 
problem which requires careful instrumentation. Since 
the line between the resonance conditions causing 
flutter and normal operation is sharp (often a speed 
variation of 5 m.p.h. is sufficient for crossing the line) 
and since flutter is a major cause of structural failure, 
it becomes important to control air speed closely during 
tests. The forces resulting in flutter and their fatigue 
effects must be measured as applying to the air frame, 
the engine mount, the engine, and the propeller with 
an accuracy necessary to ensure safety of operation 
under conditions of actual use. 


Stability and Control Tests 


Stability and control data are required in the evalua- 
tion of the flying qualities of the aircraft so that the 
user may intelligently plan the optimum operating 
conditions. For example, in commercial operation, an 
aircraft with inherently stable characteristics might 
be suitable for operation over a route where rough air 
is normally encountered, whereas a less stable aircraft 
should often be grounded under similar conditions. 

The degree of lateral and directional stability of the 
aircraft is also an important-factor in pilot fatigue. A 
stable aircraft may be flown more easily and safely 
for longer periods of time. On the other hand, for 
some applications, such as fighter and pursuit aircraft, 
some stability must be sacrificed to obtain maximum 
maneuverability. 

Again, the flying qualities of the aircraft are pre- 
dicted from theoretical information and wind-tunnel 
tests. The corroboration of these predictions and the 
accumulation of data for improving the theory is the 
second problem of stability and control testing. 

Directly or indirectly the variables in Table 1 in- 
fluence stability and control data. The problem of 
accurately determining these variables is as important 
in this connection as in the case of performance test- 
ing. 

The study of stability and control may be formulated 
in terms of categories as follows: 


1. Longitudinal 
(a) Static 
(b) Dynamic 
2. Directional 


(a) Static 

(b) Dynamic 
3. Lateral 

(a) Static 


(b) Dynamic 
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4. Control Characteristics 
(a) Free control behavior 
(b) Control effectiveness 
(c) Hinge moments and stick forces 
(1) Aileron 
(2) Elevator 
(3) Rudder 
5. Moment coefficients 
(a) Pitching 
(b) Rolling 
(c) Yawing 


A discussion of the problem of recording dynamic 
longitudinal stability data illustrates its complexity. 
For an example, the recommended procedure as stated 
in the Army Air Forces specifications for stability and 
control characteristics of airplanes is quoted :* 


“Dynamic Longitudinal Stability. 

“The short-period dynamic oscillation of normal 
acceleration and elevator angle produced by mov- 
ing and quickly releasing the elevator control 
shall be completely damped in one cycle. This re- 
quirement shall be met at all possible speeds. .... 
The motion involved occurs at approximately con- 
stant speed. It is not to be confused with the long- 
period of phugoid oscillation involving changes in 
speed. No requirements for the damping of the 
phugoid oscillation is specified.” 


The problem of dynamic longitudinal stability, as 
indicated in the quotation, is one of determining the 
pitching moment and the amount of damping of the 
oscillatory motion. A qualitative description of the 
characteristics of the aircraft is not too difficult to 
obtain. However, as with all qualitative descrip- 


tions, variations must be expected from pilot to pilot. 


Further, the statement of limits of oscillation should 
be grounded on a quantitative expression of the 
pitching momefts to provide a scientific basis for com- 
parison and achievement of desired results. 

The difficulties of obtaining quantitative information 
are many. The human pilot is normally unable to 
operate the elevator control surface consistently for a 
number of cycles at a constant rate and specific ampli- 
tude. If these test conditions are not met there is 
no way of determining whether or not the damping is 
convergent, since introduction of out-of-phase forces 
by variation of amplitude and rate nullifies attempts at 
precision. 

The problems of flight testing are defined in an effort 
to isolate specific aspects of the normal performance, 
control and stability, and structural variables. These 
variables are interdependent, but they must be isolated 
before they can be analyzed. The purpose of tests 
and their analysis is to determine with quantitative 
precision the operational characteristics of the aircraft, 
which must be known to permit efficient and effective 
use of the aircraft in fulfilling its final purpose—the 


take-off with cargo, flight to destination, and delivery 
of cargo before or after landing. The isolation of the 
variables is, of course, relative. In each specific 
problem—for example, power required for various con- 
ditions of flight—some of the variables are maintained 
as neatly constant as possible, while others are varied 
under controlled conditions. The result should be 
repeatable and, consequently, should form precise in- 
formation concerning the operation of the aircraft. 
If these qualifications are met, this information can 
serve as a basis for improved design and as the ground 
for intelligent use of the aircraft. In the latter sense 
it also serves as the definition of the way in which the 
aircraft should be operated for optimum results: the 
definition of the results desired under given conditions 
from manual or automatic control of flight. Thus the 
results of flight tests provide the design criteria for the 
application of automatic controls to aircraft. 


METHODS OF AUTOMATIC CONTROL 


The problems and data that formulate the objectives 
of flight testing also serve to define the desired opera- 
tion of the aircraft. Performance is specified in the 
categories of tests such as air speed, power required, 
rate of climb, and the airplane polars. Certain types 
of response to control and inherent stability characteris- 
tics are a part of overall operating requirements. The 
basic objective of flight testing is to analyze the air- 
craft tested in terms of these broad categories. This 
permits evaluation and comparison with other aircraft 
and furnishes concrete information that may serve as a 
basis for aircraft design, as well as the design criteria 
for automatic controls. 

One function of an automatic control on aircraft is 
to obtain the optimum operating characteristics—the 
characteristics determined in flight testing. From 
this perspective the control problem and methods of 
aircraft control may be discussed as a part of the flight- 
test problem. In both cases the same variables are 
present and require isolation; the same result is 
desired. In the case of flight testing, information is 
desired describing the performance, stability and con- 
trol, aud structural strength of the aircraft. In the 
case of automatic control design, the desired result is 
complete automatic operation. Thus the use of auto- 
matic controls simplifies the establishment of optimum 
operating characteristics. 

There are two major classifications of aircraft con- 
trol—stability and thrust. These, while interdepend- 
ent, are considered separately for purposes of exposi- 
tion. Before illustrating how these types of controls 
are used in actual testing, a discussion of the general 
control methods applicable is desirable. 


Stability Controls—The Automatic Pilot 


The problem of automatic stability control is ulti- 
mately a problem of compensating for moments. When 
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a force is applied to the aircraft either through its 
internal power source or by the operator, or from 
some transient environmental source such as wind 
gusts, the oscillation set up and the deviation from a 
predetermined attitude must be corrected. A stability 
control system corrects roll and pitch deviations, 
directional variations, altitude changes, yaw, and 
changes in air speed. This statement of the problem 
derives from the degrees of freedom of a body in space, 
which impose a complicated situation upon the designer 
of such an automatic control. 

The solution of the problem is not so difficult, how- 
ever, as this statement indicates, since perfect control 
of the aircraft in flight is not always required. For 
most purposes correction for roll and pitch deviation 
is primary, and the direction, yaw, air speed, and 
altitude control need only be approximated. 

The general method of stability control is based upon 
the use of references, signal transmission, and a servo 
system that uses the normal control surfaces of the 
aircraft as a correcting means. . 

The reference for roll and pitch deviation is usually 
a vertical gyroscope, compensated by a pendulum 
for the integrated effects of continuous and small 
accelerations. Similarly, the reference for directional 
variation is a horizontal gyroscope. Yaw of the air- 
craft can be sensed by a differential pressure pickup 
or vane. Rotation of the aircraft about a point on its 
course is sensed by the directional gyro; consequently, 
the yaw pickup to sense the yaw attitude with respect 
to the line of flight is required. Changes in altitude 
and air speed may be sensed in terms of pressure alti- 
tude differential and variations in dynamic pressure at 
the pitot head, respectively. 

The transmission means may include any of the 
varied torque amplifying methods used with servo 
systems. Pneumatic, hydraulic, electrical, or mag- 
netic devices are all adaptable and have all been 
used. Perhaps the general methods most prevalent 
today use potentiometer or magnetic pickups, an elec- 
tronic signal amplifier, and electric motors or hydraulic 
servos, although the use of pneumatic servos may well 
be a solution for lightweight and inexperisive installa- 
tions. This latter type of installation has been used 
with some degree of success in commercial and military 
aircraft since the early phases of automatic pilot design. 

Theoretically, control is a matter of determining the 
constants in the equations of motion of the aircraft. 
These were originally defined by Bryan* in 1911 for 
the three axes of motion. Practically, control is often 
accomplished by neglecting the more complicated 
terms of the equations. For example, one type of 
automatic pilot, which might be termed a displacement 
pilot, operates as follows: 

A directional and vertical gyro serve as attitude 
references in the three planes of flight. Any deviation 
of the aircraft from the gyro references is picked up as 
a displacement on a potentiometer. This is graphically 
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Fic. 1. 


Pitch deviation—displacement control. 


illustrated in Fig. 1. The resulting voltage signal is 
electronically amplified, and serves to drive a motor 
positioning a control surface proportionally to the 
deviation. As the aircraft responds to the control, the 
deviation decreases and the motor follows, decreasing 
the control displacement proportionally until at zero 
deviation there is also zero control surface displace- 
ment. 

A typical circuit for rudder control is illustrated in 
Fig. 2. It consists of a series of véltage dividers so 
arranged that the relative positioning of their wipers 
determines the magnitude and phase relationship of 
the control signal which is amplified to control the 
rudder servomotor. The magnitude of the signal 
voltage from any one potentiometer element is directly 
proportional to the displacement of its wiper from 
neutral and is in phase or out of phase with the refer- 
ence power supply voltage, depending on whether it is 
displaced to the right or to the left. Therefore, at any 
given instant, the signal appearing at the amplifier is 


’ the algebraic sum of the unbalanced voltages from each 


of the potentiometers in the complete circuit. 
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Fic. 2. Typical circuit for rudder control—displacement pilot. 
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There are a number of assumptions made in this type 
of automatic stability control, some of which are justi- 
fied by results and other of which require adjustment 
and approximation for the particular conditions of 
flight. Thus the assumption of the proportionality of 
deviation to control surface displacement is theoreti- 
cally not warranted. However, if adjustment of the 
ratio of the deviation to the displacement is made 
possible, workable operation can be achieved for some 
particular conditions of flight. From a theoretical 
point of view it would be preferable to apply force to 
the control surface as a function of deviation; the 
return to course of an aircraft from a deviation is more 
directly a function of the force exerted by the medium 
of flight on the air-frame and control surfaces. The 
use of a displacement system, however, more readily 
permits the use of a null-type follow-up circuit and 
simplifies the control system itself. 

A second major assumption is made in using a pro- 
portional displacement of the control surface as a basis 
for returning the aircraft to its course. The path of 
such a return is a complicated function requiring con- 
sideration of higher order terms of the control equations. 
In practice again, the adjustment of ratio and the 
adjustment of sensitivity, the lower limit of deviation 
required for control, makes possible a ‘workable solu- 
tion of the problem under most conditions. The intro- 
duction of an auxiliary ‘‘velocity” signal adjusted for 
particular flight conditions in relation to the rate of 
deviation is a further aid. In theory an “acceleration” 
signal is also desirable and has been used effectively 
in some types of automatic pilots. 

The design of an automatic control system is always 
a compromise between theoretically desirable functions 
and practical limits determined by reliability, safety, 
and maintenance inherent in simplicity. The use of 
simple pickups, an amplifying means which is inde- 
pendent of tube characteristics, and controlling servos 
operated directly from deviation signals is one such 
compromise warranted by an urgent military need for 
a stabilized bombing platform. Such a system, while 
possessing the required simplicity of operation, manu- 
facture, and maintenance, should not be regarded as a 
final solution to the problem of stabilized flight. 


Power Controls 


The problem of power control is essentially one of 
integrating the required thrust for specific flight 
maneuvers into proper relation with the basic stability 
and flight control variables. This involves, for de- 
sired performance, complete integration and control 
of the nine variables listed under ‘Thrust’ in Table 1. 


Theoretically, this control should be applied to each 


of the cylinders of a multicylinder engine; however, 
this is not possible in practice. 


The power plant of a conventional aircraft consists 
of two major basic components, the engine and the 


propeller, which must be considered independently for 
purposes of control design. It is possible to control 
thrust using propeller r.p.m. and efficiency, fuel-air 
weight ratio, and specific fuel mixture consumption as 
basic references. 

The fuel-air weight ratio must be controlled in order 
that the optimum driving force may be effected for 
specific conditions. Specific conditions affecting com- 
bustion include mixture temperature, homogeneity, 
and moisture content; cylinder temperature; compres- 
sion rate; and the source, quality, and timing of igni- 
tion. In addition to the fuel-air weight ratio, thermal 
expansion is a function of the specific fuel mixture 
charge admitted during each combustion cycle. Factors 
affecting the mixture charge include the manifold 
blower r.p.m.; the supercharger outlet pressure; the 
carburetor air inlet and exhaust back pressures, as a 
function of altitude and temperature; throttle butter- 
fly position; and fuel metering rate. The power 
delivered by the engine and propeller combination is a 
function of air speed and propeller r.p.m. for a given 
engine condition. This condition is complicated by 
the fact that propeller efficiency is also dependent upon 
propeller r.p.m. and air density. Therefore, control 
for optimum power output requires correlation of the 
four factors, propeller r.p.m., propeller efficiency, 
specific mixture charge, and fuel-air weight ratio so as 
to operate the power plant at the proper point on the 
propeller load curve. 

Fig. 3 illustrates an actual example of the range of 
propeller r.p.m. proportionally to engine r.p.m., the © 
range of specific fuel charge indirectly in terms of 
manifold pressure, carburetor inlet pressure, and 
carburetor butterfly and throttle position. The fuel- 
air weight ratio is indirectly and partially indicated 
in terms of the carburetor butterfly and throttle lever 
positions and the carburetor inlet pressure. 

This chart serves to illustrate graphically a practical 
compromise in establishing power control. The use of 
simplified pickups from references readily measured and 
easily adaptable results in a control system that is 
practical to design, manufacture, operate, and maintain. 

One way of controlling power for aircraft consists in 
using as references, propeller r.p.m., manifold absolute 
pressure, and throttle position. These variables con- 
stitute the only control references for the automatic 
control system that was operating the power plant 
during the flight recorded in Fig. 3. 

The reference data from these sources are sensed 
through suitable transducers by means of potentiom- 


eters. These signals are combined by an electrical 


. network and electronically amplified to drive electrical 


motors that operate through a mechanical linkage and 
cam system to apply control. 

Here—as in the case of the autopilot—pneumatic, 
magnetic, mechanical, or hydraulic pickups, trans- 
mitting, and follow-up systems could be used. 
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Fic. 3. Engine performance curves in climb to 30,000 ft. with automatic control. 


Secondary controls affecting the operation of the 
‘power plant include cowl flap position for engine tem- 
perature control, oil temperature control, carburetor 
air intercooler control, and automatic mixture control. 

While it is necessary to make a separate study of 
power control problems, it is impossible, for example, 
to separate the cowl flap drag from the flight stability 
and performance or to separate, from the power re- 
quired, the effect of the automatic pilot in maintaining 
air speed. 


ANALYSIS OF SOME Basic FLIGHT PROBLEMS UTILIZING 
AUTOMATIC CONTROL 


General Discussion 


The use of automatic control in obtaining flight-test 
data is a relatively recent technique that promises to 
be a valuable tool for the further development and 
confirmation of aerodynamic theory, as well as the 
establishment of a standard basic flight-testing pro- 
cedure and the correlation of flight test with wind- 
tunnel data. In addition, it will-make possible the 
preparation of simplified operating instructions as a 
basis for ensuring optimum performance over the full 
range of use conditions. 

There are a number of general advantages to be 
derived from the use of automatic controls in flight 
testing. These may be summarized: 

(1) Crew Relief—One of the first purposes in the 
design of any automatic control is to reduce operator 


fatigue. This permits crew attention to be fully pre- 
occupied with the intelligent coordination and planning 
required in flight where environmental conditions are 
unpredictable. The use of the automatic pilot and 
power controls permits full attention to be paid to the 
current and continuous analysis of variables under 
study during the actual test by relieving the crew of the 
responsibility of maintaining required flight conditions. 
Engineers can best interpret flight data if they are 
present during the actual test because of their better 
understanding of the conditions of test. The use of 
automatic control equipment permits the crew to 
devote more time to “thinking through” the actual 
effect of specific variables on a particular problem. 
Relief from the responsibility of control permits more 
complete observation of the conditions of test and 
affords the possibility of noticing particular fac- 
tors that might obscure later interpretation of the 
data. 

(2) Stable Control of Variables.—In any flight-test 
problem, as indicated in Table. 1, there are numerous 
variables, a certain number of which, while affecting 
the results, need only be maintained constant to facili- 
tate reduction and increase accuracy of data. Many 
problems—for example, pressure altitude and air speed 
—require consideration only insofar as corrections to 
the data are required, because these two factors may 
not have been held constant. In actual practice, 
where manual control is used, great skill is required to 
maintain reasonably stable altitude and air-speed con- 
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Fic. 4. Functional schematic of an autopilot accessory air-speed and altitude control. 


ditions for a sufficient length of time to establish the 
required test conditions and to record the data. Stable 
control of these two primary variables actually requires 
the full attention of the human pilot, thus precluding 
the possibility of giving adequate attention, if any, to 
other variables requiring control, such as yaw and roll 
attitude, which also influence test results. This is 
a particular difficulty where the size of the aircraft 
prohibits carrying a sufficient crew and instrumenta- 
tion for recording variables that normally should be 
maintained constant. While the examples mentioned 
apply to stability and control tests, the general state- 
ment is also applicable to structural and performance 
tests. . 

(3) Dynamic Control of Variables —Evaluations of 
stability arid controllability should include data on 
(a) rate of change of moments about all three axes as 
a function of air speed; (b) rate of change of control 
surface hinge moments as a function of air speed; 
(c) rate of change of attitude about the three axes as 
a function of control surface torque and deflection, 
air speed, and pressure altitude. In order that the 
test results may be quantitative and repeatable, precise 
rate and amplitude control are required. A primary 
fequisite of scientific data in ludes its confirmation by 


duplication with different operators and under different 
conditions. It is generally impossible for a human pilot 
to execute identical maneuvers, requiring precision rate 
and amplitude control, at different times and under 
different conditions. On the other hand, automatic 
control opens the way to precise regulation of variables 
under dynamic conditions. 

(4) Integrated Control of Variables—To obtain 
optimum results in conducting a performance test for 
determining the power required under given conditions, 
the operation of the aircraft should be a direct function 
of the simultaneous integration of all variables. Unless 
simultaneous control of all these factors is maintained, 
an accurate evaluation of the potential performance is 
not possible, nor can there be any possibility of repeat- 
ing results and correlating and supplementing data 
gathered by different test organizations. This simul- 
taneous control of all variables is more possible through 
the use of available automatic equipment. 

(5) Evaluation of Automatic Control.—Automatic 
controls are a definite and permanent part of modern 
aircraft; consequently, flight testing is also concerned 
with an engineering evaluation of the operating char- 
acteristics of the aircraft under automatic control. 
Appositely, true evaluation of the automatic controls 
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can only be obtained under the dynamic conditions of 
flight test. 

(6) Economy.—For the reasons discussed above, the 
use of automatic control in flight testing greatly in- 
creases the possibility of obtaining complete and reliable 
data in less time. It largely eliminates the necessity 
for retest often required to check questionable data 
and makes it possible to take more data in a given period 


of flight time. In peacetime, the resultant lower cost 
is of paramount importance to commercial operators, 
In wartime, cost receives secondary consideration, but 
the promise of more complete data and shorter test 
programs is of even greater importance to a rapidly 
changing military campaign. 

During peacetime the possibility of obtaining com- 
plete test data economically should greatly improve 
the standards of aircraft evaluation and, consequently, 
result in safer and more economic operation. Likewise 
this factor, by confirming wind-tunnel and theoretical 
design data, should increase the development rate of 
the aeronautical sciences. 

For purposes of specific and ‘directly useful illustra- 
tion of the advantages of automatic control, it is 
interesting to consider examples of actual flight 
tests. 


Specific Examples 


(1) Aitr-Speed and Altitude Control.—Fig. 4 shows a 
functional schematic of an autopilot accessory for 
applying continuous air-speed or altitude control. This 
particular circuit is adapted for alternative control of 
pressure altitude or indicated air-speed, although 
simultaneous control of both variables is possible by a 
tie-in to the power plant as well as the autopilot. 
Such a tie-in has been accomplished in another system 
not discussed here. 

The results of air-speed and altitude control as ob- 
tained in actual flight tests are illustrated in Figs. 5 and 
6. 

Fig. 5 illustrates how closely indicated air speed can 
be maintained in level flight at a relatively constant 
pressure altitude. In this test indicated air speed was 
controlled for a period of 12 min. With this degree of 
control, air-speed calibration data can be effectively 
corrected for variations in angle of attack. Asa matter 
of interest, equipment for control of the angle of at- 
tack has been developed and satisfactorily used. 

Fig. 6 illustrates automatic, accurate maintenance of 
indicated air speed during a rate-of-climb test. At an 
initial rate of climb of 1,500 ft. per min., indicated air- 
speed variations were held to +0.25 m.p.h. Manual 
control within these limits is tedious and requires com- 
plete preoccupation as well as a high degree of skill of 
the pilot. 

(2) Dynamic Constants—The possibility of obtain- 
ing flight-test information leading to the, determining 
of the dynamic constants of flight, affecting stability 
and control, would afford a powerful means of further- 
ing aircraft design. A series of tests were conducted 
by the Curtiss-Wright Corporation, Buffalo, N.Y., 
under the supervision of W. F. Milliken. The data 
from these tests, using a modified automatic pilot, show 
great promise of confirming this possibility. The inter- 
pretation of these data leads to Milliken’s conclusion 
that automatic control provides the only means for 
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Fic. 8. Schematic of a power control system. 


recording the information necessary for the solution of 
the aerodynamic equations involved.‘ 

“Flight tests aimed at the determination of dynamic 
longitudinal characteristics were performed on a twin- 
engine bomber using a sinusoidal elevator forcing func- 
tion. The frequency response characteristics were 
measured in terms of the pitch angle, normal accelera- 
tion and angle of attack. The forcing function, whose 
period varied between 1 and 7 sec., was applied to the 
elevator by an autopilot. Complete oscillographic 
recording was made of all data. 

“It was found that the oscillating technique, as ap- 
plied to the longitudinal motion of the airplane, was ap- 
plicable for the entire flight range covering speeds of 
135 to 235 m.p.h. IAS. No.large normal accelerations 
were experienced and throughout the flight range the 
indicated air speed and altitude remained substantially 
constant during the frequency sweep. Exploratory 
tests were conducted at various amplitudes while final 
results were obtained at relatively small amplitudes on 
the order of 3° of pitch angle. 

“In the range of frequencies covered, the response 
curve appears to satisfy theoretical considerations based 
on two degrees of freedom, that is, in which the speed 
remains constant. While the forcing frequency did 
not go down to the long period (so-called phugoid) of 
the airplane, approach to this mode was indicated by 
speed and altitude variation. Based on data available 
from the response curves, simultaneous equations may 
be solved to obtain the basic stability and control 


parameters of the airplane. Operator solutions have 
been made which yield simple relationships whereby 
practical items of aerodynamic interest, such as the 
slope of the lift curve, the damping in pitch, the - 
elevator control moment, etc., may be obtained to a 
degree of approximation consistent with the basic ac- 
curacy of the data. 


“By means of angle-of-attack sensing combined with 
the basic autopilot, supplementary tests at constant 
angle of attack were performed. It was found, for 
example, that the airplane would perform constant 
angle-of-attack phugoid oscillations. These oscilla- 
tions correspond approximately to those of an airplane 
with infinite static stability and may be used in con- 
junction with the natural long period oscillation of the 
airplane, to obtain dynamic stability information. In 
the actual cases tried it was observed that substantially 
all of the damping normally associated with a long 
period oscillation was removed when the airplane was 
oscillated at constant angle of attack. 


“Experience obtained during the above tests con- 
firms the belief that the automatic pilot with appropri- 
ate supplementary controls offers a powerful means of 
obtaining aerodynamic stability and control informa- 
tion from flight. The ability to apply disturbances or 
forcing functions of predetermined types and repeat- 
able, is extremely significant. Application of auto- 
matic controls to the aerodynamic problems of the air- 
plane at high speed and during rapid maneuvers will 
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provide design information unattainable through wind 
tunnels or manual flight tests.” 


Fig. 7 shows a chart of the elevator forcing function 
frequency in radians per second plotted against the 
ratio of pitch and elevator angle. These data were 
recorded during the Curtiss-Wright flight tests dis- 
cussed above and provide the basic information from 
which the control and stability parameters are cal- 
culated. Although the equations of flight were de- 
veloped by Bryan in 1911,* their practical application 
has been limited by the lack of suitable means for 
measuring the dynamic constants. With a suitable 
means of obtaining the required data in flight, aero- 
dynamicists could work with transient phenomena 
with as much precision as is common in the electrical 
industry, where performance can be guaranteed with 
considerable accuracy on the basis of preliminary design 
computations. 


(3) Power Calibrations —The general problem of 
tests for power calibration is one of ascertaining engine 
operating conditions. This fact is aptly stated by Al- 
bert C. Reed.® 


“The power rating of an engine, even though accurate 
for sea level and altitude conditions, does not in general 
apply to the installation in an airplane. For several 
reasons, the power output depends upon each installa- 
tion. These reasons include carburetor ram or its 
equivalent, engine cooling, cooling distribution, mix- 
ture (which may be different from test stand conditions 
in order to obtain desired engine cooling or economy), 
carburetor air intake temperature, exhaust back pres- 
sure, accessory loads, and any other minor factors... . . 
The basic calibration necessary for the determination 
of the performance limit of an airplane is the full- 
throttle power calibration for various conditions of 
r.p.m., altitude, mixture, indicated air speed, carburetor 
air temperature, and engine cooling.” 


The test difficulties resulting from the variables men- 
tioned by Reed are increased in the case of multi- 
engined aircraft where instrumentation and control 
should be applied to each engine. Fig. 8 presents a 
graphic illustration of a practical compromise for con- 
trol of some of these variables to accomplish essentially 
constant power control under varying flight conditions. 
In addition, these controls permit maintenance of spe- 
cific values of many of the variables. For example, the 
use of a cowl flap position regulator makes possible 
automatic maintenance of a preselected engine tem- 
perature. 


Fig. 9 shows the results of a flight test where car- 
buretor air temperature was automatically controlled 
to +0.25°C. during a descent from 12,000 to 2,000 ft. 


Fig. 10 shows the results of actual flight where 
engine temperature was automatically maintained con- 
stant at a number of preselected points. 
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Fic. 10. Cylinder head temperature. 


Fig. 3, again, shows data recorded during a rated 
power climb to an altitude of 30,000 ft. in a mullti- 
engined military aircraft. The power plant was auto- 
matically controlled with equipment that sensed and 
coordinated manifold absolute pressure, turbosuper- 
charger r.p.m., propeller r.p.m., and throttle lever 
position at preselected values required to maintain the 
power at the desired point on the propeller load curve. 


CONCLUSION 


The categories of flight testing define the perform- 
ance, the structural, and the stability and control 


(Continued on page 258) 





TS) 


engi 
mos 
senc 
plan 
not 

toll. 
a lo 


pany 
reasi 
colle 


a gr 
that 


men 


Augu: 
ut 











% 


° 


tomatic 


TESTS 


| 


| 


| 





EPR & E | 


rated 
nulti- 
auto- 
| and 
uper- 
lever 
n the 


ntrol 





Some Experiences in Full-Scale Power-Plant 
Testing 


MILTON U. CLAUSER* 
Douglas Aircraft Company, Inc. 


ABSTRACT 


With the increased engineering activity required by the war, 
it was necessary to cope with rapidly changing design require- 
ments, many of which were unfamiliar even to experienced 
personnel. In order to gain experience more rapidly in the 
power-plant installation work, the Douglas Aircraft Company 
built and tested several full-scale engine installations. This 
paper traces the development of these test installations and the 
results that were obtained. 

The first installation was a ground test nacelle for the A-20 
series airplanes. The severe cooling troubles later encountered 
on the airplane in flight were not anticipated from these ground 
tests; so on the next model, the A-26, the nacelle was tested in 
the N.A.C.A. 16-ft. high-speed wind tunnel at Langley Field. 
Although these tests and similar ones on the engine installation 
for the XSB2D-1 airplane were of considerable value, the experi- 
ence that had been obtained up to this time was not considered to 
be sufficiently widespread. 

The next nacelle installation was given extensive ground test- 
ing, with the designers participating in the running of the tests 
and the analysis of the data. The caliber of the design engineers 
upon completion of these tests was such that the following air- 
plane was designed almost without benefit of any type of test. 
The flight-test results on this airplane indicate that the experience 
of the designers enabled them to do an outstanding engineering 
job of producing a simple and reliable power-plant installation. 


INTRODUCTION 


N RECENT YEARS the marked increase in aircraft 
| production has required a corresponding increase in 
engineering activity. A man-power problem was al- 
most immediately incurred because it was necessary to 
send engineers from the established plants to staff the 
plants that were being started, and, of course, it was 
not very long before the draft also began to take its 
toll. The result was an engineering department with 
a low average of experience. 


ENGINEERS 


Shortly after the start of the war, the Douglas com- 
pany found that the only new engineers that they could 
reasonably expect to keep were the men just out of 
college. These men had good qualifications and showed 
a great deal of enthusiasm, but their experience with 
aircraft design problems was limited. It became clear 
that some method would have to be found to give these 
men the needed experience quickly. 
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Training 


The geographical decentralization of the various 
divisions, including Engineering, meant that the new 
men had little contact with actual airplane fabrication 
and operation. If the power-plant engineers were to 
be given a sense of discrimination between practical and 
impractical design (it should be remembered that al- 
most anything can be made to work on paper), it would 
be necessary for them to obtain first-hand contact with 
full-scale operating engines. 


IMPORTANCE TO ENGINEERS OF FULL-SCALE POWER- 
PLANT TESTING 


Prior to the war the Douglas company had been 
doing full-scale power-plant testing on some of their 
models while in the design stage, and it was decided 
that these tests could be used to advantage to give the 
power-plant engineers the desired experience more 
rapidly. The purpose of this paper is to describe the 
results of the tests on several of the power-plant in- 
stallations and to point out the benefits gained in having 
the design engineers work directly on these installa- 
tions. 


TESTS ON FULL-SCALE POWER-PLANT INSTALLATIONS 


Tests on A-20 Series Engine Installations 


The first tests were on the A-20 series engine installa- 
tions and were made on two ground tests stands: 
one with a two-speed supercharger engine and one with 
a turbosupercharger engine. These test stands were 
to serve as mock-ups and to obtain checks of the 
ground cooling of the engine and on the general operat- 
ing characteristics of the equipment. The ground 
cooling was marginal but acceptable, and few other 
troubles were encountered. The severe cooling dif- 
ficulties later encountered in flight unfortunately were 
not anticipated from these ground tests. The dif- 
ficulties, however, made the company extremely cool- 
ing-conscious, and an attempt was made on the next 
model to simulate flight-cooling conditions on the 
engine test model. 

A-26 Nacelle and XSB2D-1 Model in the N.A.C.A. Wind 

Tunnel 


The A-26-type nacelle was built during the early 
design stages and was installed in the 16-ft. high-speed 
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wind tunnel of the N.A.C.A. at Langley Field. Later, 
a similar model for the XSB2D-1 airplane was tested 

‘in the same tunnel. The primary purpose of these 
models was to check flight cooling in order to ensure that 
the difficulties that had been experienced previously on 
the A-20 series airplanes would not be duplicated. In 
addition, emphasis was placed on carburetion, the ef- 
fect of the installation on power. calibration, and the 
service testing of such components of the installation 
as exhaust stacks, cowling, spinners, etc. 

The service testing proved to be of considerable value, 
and the carburetion and cooling testing added a great 
deal to the fund of information on these subjects, but 
the fears regarding the cooling were unfounded since 
the installation proved to overcool. This was later 
verified by flight test. 


Service Tests on Power-Plant Installation for Torpedo 

Airplanes 

Although some of the designers had worked on these 
previous tests, it was decided that the experience 
gained had not been sufficiently widespread and that on 
the next test a definite effort would be made to have as 
many of the power-plant design personnel as possible 
associated with the tests. The installation was first 
set up as a ground test rig. Over 200 hours of running 
time were obtained before the installation was sent to 
the N.A.C.A. at Cleveland, where it was installed in 
the altitude wind tunnel. During the ground testing 
the designers read the instruments, helped in the analy- 
sis, inspected the installation regularly for failures or 
troubles of any kind, kept a log of the running time and 
troubles, and made all of the necessary design changes. 
These tests proved to be extremely beneficial to the 
men, for they gave them a clear insight into the re- 
quirements for good accessibility, serviceability, and 
reliability. 


DISCUSSION OF RESULTS OF FULL-SCALE POWER-PLANT 
TESTS 


The tests, from an overall standpoint, resulted in a 
continuity of thinking on each of the general subjects, 
such as cooling, carburetion, exhaust stack design, and 
serviceability. Naturally, each test more or less 
started where the previous one had stopped. With 
this in mind the discussion of the results obtained will 
be treated by subject rather than by specific test. 


COOLING 


Engine Cooling 


At the time the first nacelle tests were run on the A-20 
series installations there was little information avail- 
able about engine cooling. Campbell,! of the Wright 
company, had attacked the problem empirically by 
evaluating the effect of each of the engine parameters 
on the cooling requirements. Pinkel® had treated the 
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engine as a heat exchanger and had related the usual 
heat-exchanger parameters to the engine operating 
conditions. Insufficient work had been done in apply- 
ing either of these methods to full-scale engines to per- 
mit complete confidence in the results. Also, little-work 
had been done in predicting the ability of the cowling 
to pump the required amount of air. 

In contrast, today, the aircraft manufacturer usually 
does not have to attempt to predict the cooling char- 
acteristics of any engine he plans to use because it is 
customary for the engine manufacturer to furnish all of 
the necessary data. At the present time these data 
are not guaranteed in the same manner as the engine 
power outputs, but it is quite possible that they will be 
in the future. Considerable work has also been done to 
predict the pumping characteristics of the cowling. 


Ground Cooling Versus Flight Cooling 


In tracing the methods used to analyze or evaluate 
the cooling characteristics of an installation, the first 
item that should be considered is the comparison of 
ground cooling versus flight cooling. 

The important variables affecting ground cooling 
are: (1) cylinder temperature limit; (2) use of pro- 
peller blade fairings and spinner; (3) propeller diameter, 
gear ratio, and low pitch setting; (4) low power mixture 
setting of the carburetor; and (5) cowl flap configura- 
tion. 

The important flight-cooling variables are: (1) 
cylinder temperature limit for each power condition; 
(2) engine power; (3) carburetor setting; (4) cowl flap 
exit area; (5) air temperature and density; and (6) 
air speed. 

It is obvious that there is no unique relation between 
these two sets of variables; hence, adequate ground 
cooling cannot ensure adequate flight cooling. In fact, 
to predict the one fronr the other requires considerable 
analysis and extrapolation of dubious accuracy. 


Altitude Flight Cooling from Sea-Level Wind-Tunnel 

Tests 

Since cooling is an important factor in the design of 
an airplane, it was decided that a more reliable method 
than ground cooling should be used. If the model were 
mounted in a large high-speed wind tunnel, then the 
sea-level cooling characteristics could be obtained 
directly and an approximate evaluation of the altitude 
characteristics could be made. 

Two approaches were possible in formulating the 
method of running these tests. The first was to runa 
series of tests to establish the necessary constants or 
functions for either Mr. Campbell’s or Mr. Pinkel’s 
methods and then to use these methods to predict the 
altitude cooling requirements. The other approach 
was to determine a set of operating conditions for 
checking cooling characteristics which would be equiva- 
lent to the desired altitude operating conditions. 
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Both methods were used. The latter is especially 
interesting because of the problems presented and be- 
cause it offers a new approach in regard to methods of 
flight testing. 


Obtaining Equivalent Airflow 


The heat-exchange theory indicates that the pri- 
mary variable regarding cooling air is the mass flow of 
the air. In order to obtain the same mass flow of cool- 
ing air through the cylinders in the wind tunnel as 
would be obtained in flight, the product of the velocity 
V and the relative air density ¢ shouldbe the same. In 
running the wind-tunnel tests this is accomplished by 
measuring the air density and adjusting the tunnel air 
velocity so that the correct value of the product is ob- 
tained. A verification of this relation and a discussion 
of the approximations involved are given in Appendix 
1. 


Obtaining Equivalent Horsepower 


In order to determine the operating conditions of the 
engine during the wind-tunnel tests required to obtain 
the cooling characteristics equivalent to those antici- 
pated in flight, it is convenient to again refer to Mr. 
Pinkel’s heat-exchange analogy.? To obtain the proper 
heat rejection, the same effective gas temperature in- 
side the cylinder and the same charge mass airflow 
should be obtained. The proper value of the effective 
gas temperature can be obtained by using the same 
fuel-air ratio and approximately the same charge air 
temperature. It is not so easy, however, to obtain the 
same charge mass airflow. If it were possible to predict 
the airflow in flight at altitude, this value could be 
duplicated by direct measurement during the wind- 
tunnel tests. The difficulty, however, lies in predicting 
the altitude airflow. To sidestep this, the approach 
again is to look for an equivalent operating condition. 

There are three things that affect the relation be- 
tween the horsepower and the airflow: (1) horsepower 
absorbed in the supercharger; (2) reduction in charge 
airflow due to exhaust back pressure; and (3) increase 
in engine pumping horsepower due to exhaust back 
pressure. 

The changes in the -horsepower absorbed by the 
supercharger can be handled readily by the regular 
supercharger equations if the supercharger efficiencies 
are known. These data are sometimes difficult to ob- 
tain and approximations may have to be used. 

The problem of evaluating the effect of exhaust back 
pressure is somewhat more difficult. A first approxima- 
tion may be made by assuming an ideal cycle and evalu- 
ating the increased horsepower required because of the 
exhaust back pressure and the change in residual 
charge. Closer scrutiny indicates that the errors intro- 
duced in using an ideal cycle are of the same order of 
magnitude as the correction because of the effects of 
valve timing and exhaust port area. To obtain the 


correct result for the engine in question, it may be 
necessary to rely on calibration data obtained from an 
altitude engine test stand. 

If there is no way available to determine the effect of 
the exhaust back pressures on the engine, another simple 
first approximation is to assume that the pumping 
efficiency of the engine is approximately that of the 
supercharger. To simulate the high-altitude cooling 
conditions in which the high gear ratio supercharger 
speed would be used, the same power conditions would 
be maintained in the wind tunnel but the low super- 
charger gear-ratio should be used. This method is 
simple but not conservative, since the powers are some- 
what too low and the proper effect of the supercharger 
on the fuel and air distribution to the cylinder is not 
obtained. 


Comments on Use of Equivalent Operating Conditions 


It should be emphasized that the approximations 
discussed above are not peculiar to this method of 
evaluating the cooling performance of an installation 
but are also inherent in the methods using a correlation 
analysis. The same inaccuracies are introduced into 
the other methods either knowingly or in generalized 
assumptions. For example, it is usually assumed that 
the relation between airflow, brake horsepower, and 
friction horsepower is independent of altitude. 

The concept of obtaining equivalent cooling airflow 
by holding oV constant suggests a flight-test method 
to obtain the cooling characteristics for maximum 
anticipated summer temperature conditions by running 
tests on days with normal air temperatures. From a 
knowledge of the measured performance of the airplane, 
the values of o V for the critical cooling conditions can 
be predicted. The tests can then be performed at the 
altitudes at which the air temperature is the same as 
the maximum anticipated air temperature for the con- 
dition in question. The proper engine power can be 
set and the speed of the airplane adjusted to obtain the 
correct value of ¢V by partially lowering the landing 
gear or otherwise increasing the drag. All of the 
temperatures, including cylinder head, cylinder base, 
and oil temperatures, which are measured in this man- 
ner would be the same as those measured under maxi- 
mum anticipated air-temperature conditions and would 
need no futher corrections. 


CARBURETION 


The wind-tunnel tests have proved to be of con- 
siderable value in checking the ram and the metering 
characteristics of a carburetor scoop. Changes‘in the 
scoop are easily made if the initial tests indicate that 
improvements are necessary. The carburetor and 
engine manufacturers are working on ways of standard- 
izing presentation of carburetion data and ways of 
determining the effect of the scoop on the metering 
characteristics; therefore, no data on this will be pre- 
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sented. In checking the altitude compensation of 
carburetors during the testing, one interesting relation 
was developed. ‘ 


Checking Carburetor Altitude Compensation 


These results are applicable to carburetors with 
altitude compensation such as the Stromberg car- 
buretor. 

Fig. 1 is a schematic diagram of an altitude compen- 
sated carburetor to which the following definitions 
apply: 

Q = volume airflow through the carburetor 

P,, = uncompensated impact metering pressure 

P, = compensated metering pressure 

P, = venturi static metering pressure 


8 
From Bernoulli’s theorem 


Py — Ps = Ki('/2pQ”) 


where K; is a constant dependent on the venturi arrange- 
ment and p is the air density. 

















Schematic diagram of air metering section of altitude 
compensated carburetor. 


Fie. 1. 


The aneroid unit attenuates the bleed airflow through 
the metering system in such a way that P, is dependent 
only on the mass flow through the carburetor: 


P, — P, = K2(0Q)? 
If one equation is divided by the other 


R= 2=(BN)=*() 
P.—P, \2K:/\p/  ~ \P 
where 7 and P are the absolute air temperature and 
pressure in the carburetor. 

This is an interesting relation because it means that, 
if the ratio of the so-called uncompensated metering 
differential to the compensated metering differential 
is plotted against the ratio of the absolute air tempera- 
ture to the absolute air pressure at the carburetor, the 
points should fall on a straight line through the origin. 
The slope of the line can be determined if the lowest 
altitude at which the carburetor is no longer compen- 





\ 
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sated is known (i.e., when P, = P,). The pressure 
ratio is unity at this value of temperature and pressure, 
If there is a scatter of the test points, an examination 
of the values may reveal whether the temperature or 
the pressure compensation is in error. 


EXHAUST STACKS 


Full-scale power-plant tests have proved to be ex- 
tremely valuable in evaluating the service and per- 
formance characteristics of a new exhaust-stack design, 
Most aircraft manufacturers will concede that one of 
the most vulnerable points of the design on a modern 
high-powered engine installation from a service stand- 
point is the exhaust-stack installation. It has been 
found that if testing and revisions can be made early in 
the design the troubles incurred do not have such 
serious consequences. 

The ground-test experience has established a reason- 
ably good and somewhat conservative relation between 
service test results obtained on the ground-test stand 
and those in flight if the running time for the different 
ranges of horsepower is comparable. In fact, since 
higlf-powered running has proved to be the most detri- 
mental, failures can be readily accelerated on the ground 
tests if sustained high-powered running is possible. 


Design 

In the past and in spite of the seriousness of the 
problem, the design of exhaust stacks has been based 
on a “rule.of thumb” and a tendency to use a heavier 
gage of material. Little or no work has been done to 
apply the usual engineering procedure for the structural 
problems to exhaust stacks. 

To design any structural members, the following 
steps are usually employed: 

(1) Determine the loads that will be applied to the 
member. . 

(2) Determine the maximum allowable stresses for 
the material to be used. 

(3) Design the member so that the stresses produced 
by the loads are within the allowable values. 

Since it is apparent that exhaust stacks should be 
analyzed as structural members because of the struc- 
tural nature of the failures that are too often experi- 
enced, the above procedure might prove to be of value 
in their design. 


Design Loads 


The following are possible sources of loads on ex- 
haust stacks: (1) vibration due to engine motion; 
(2) thrust loads due to momentum of exhaust gases; 
(3) thermal stresses due to differential heating and over- 
constraint; and (4) internal pressure. 

After talking to designers who have analyzed the 
causes of their different exhaust-system failures and 
finding that each places entirely different emphasis on 
each of the above sources of load, it is apparent that 
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not only have the loads on the stacks not been properly 
evaluated but even the relative importance of the 
different design loads is not too well known. Some of 
the full-scale engine tests have given some insight into 
this problem, but a great deal more work is yet to be 
done before exhaust stacks can be designed with the 
same confidence as wing spars. 


Effect of Vibration 


In some of the early engine tests in which exhaust- 
stack failures were experienced, it was believed that a 
critical engine vibration might have been the cause of 
the difficulty. The natural frequencies of the different 
exhaust stacks were checked to see which were close to 
resonance with the dominant engine frequencies. The 
results showed no consistent correlation between the 
failures of the stacks and their natural frequencies. 
Later experiments and analyses have shown that if the 
natural frequency is close to that of some of the domi- 
nant engine frequencies the stack will fail. This, how- 
ever, is by no means the only source of failures, since 
stacks with frequencies much higher than those pro- 
duced by the engine are also subject to failures. Some 
work is now being done to permit better prediction of 
the stresses due to engine vibration. 


Effect of Exhaust Thrust Loads 


During one ground test a short bent cantilever ex- 
haust stack was tested and determined to have a short 
service life. The natural frequency of this stack was 
considerably above any of the dominant engine fre- 
quencies. The failures were consistently at the base 
on the side where the exhaust thrust would produce 
tension in the stack. This was an indication that at 
least one of the primary loads was due to the exhaust 
thrust. Later work has verified that the stresses due 
to the exhaust thrust are large, but a complete correla- 
tion between the known allowable stresses and the 
stresses predicted from the thrust loads has not yet 
been obtained. The difficulty, to date, has been 
chiefly due to a lack of instrumentation that will 
measure both the thrust loads acting on the exhaust 
stacks and the resulting stack motion. This instru- 
mentation problem is complicated by the fact that the 
equipment must have a rapid rate of response and must 
be unaffected by the high temperature involved. 


Thermal Stresses 


Slip joints and ball joints have often been used in 
exhaust systems in order to eliminate overconstraint 
and the resulting thermal stresses, because some manu- 
facturers felt that this was a major cause for failure. 
This is easily understood, for a quick calculation will 
show that, if both ends of a stack are rigidly restrained 
and the stack is brought up to normal operating tem- 
peratures, the stresses will exceed the yield point. An 
example of this type of failure is illustrated in Fig. 2. 


An exhaust heater muff was welded solidly onto an 
exhaust stack. Differential expansion between the 
cold muff and the hot pipe caused the pipe to fail after 
approximately 60 hours of running time. The photo- 
graph shows the exhaust pipe after the muff had been 
removed. 

It is interesting to note, however, that designs with 
solidly interconnected ports similar to those shown in 
Fig. 3 have shown reasonable service life without fail- 
ures of any kind. The only explanation is that a stress- 
relieving must take place at the points of highest tem- 
perature. This would be satisfactory if stresses from 
other loads are small at these same points. It is be- 
lieved that more work should be done on this problem. 





Fic. 2. Failure in exhaust stack due to thermal stresses. 





Fic. 3. Exhaust manifold with three ports solidly interconnected. 


Effect of Internal Pressure 


A rough calculation will show that the internal pres- 
sures in a straight round exhaust pipe will produce 
low tensile stresses. When the exhaust pipe terminates 
in a fishtail to obtain improved flame damping, the 
internal pressure is the source of the principal design 
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load. Calculations similar to the following have 
shown reasonably good correlation with failures on a 
series of fishtails that were tested. 

The value of the pressure at the fishtail exit P..q for 
one stack tested was 6.3 lbs. per sq.in., based on some 
pressure tests made by the N.A.C.A. The span of the 
fishtail was approximately 5 in. and metal thickness 
was 0.060. The section modulus of a 1-in. wide strip 
of this metal across the fishtail exit is 7/y = 0.0006 in.*. 
Assuming uniform loading over a fixed ended beam, the 
bending stress is 

M 5? X 6.3 


- = = 22,000 Ibs. per sq.in. 

I/y 12 X .006 

With a stress concentration of approximately 1'/2, 

where the two halves of the fishtail are welded together, 

it is possible that the stresses are above 30,000 Ibs. 

per sq.in., which is approximately the allowable 
fatigue stress for the metal used. 


Physical Properties of Stack Materials 


The most commonly used material in exhaust stacks 
at the present time is 18-8 stabilized stainless steel. 
The yield, tensile, and fatigue strengths of this material 
have been evaluated as a function of temperature. 
These data have not all been published but are avail- 
able to most aircraft and exhaust-stack rmanufac- 
turers. 

The only serious deficiency on this point is that not 
enough is known about the temperatures and tem- 
perature distributions in exhaust stacks. The im- 
portance of this condition is apparent when it is under- 
stood that all of the strength properties are rapidly 
decreasing in the range of temperatures affecting the 
stacks. During some of the tests thermocouples were 
embedded in a short exhaust stack, as shown in Fig. 4. 
This test was made at 2,000 r.p.m. and 28 in. Hg mani- 
fold pressure. 


Exhaust Flame Damping 


Final tests to determine the adequacy of the flame 
damping for any installation must be made in flight 
because of the cooling effect of the airflow, but it is 
often convenient to make preliminary evaluations 
during the ground-test period because of the ease with 
which these tests can be made. A study of the available 
information on the tests made by others and the 
results of tests made by the Douglas company in- 
dicate that there are three methods of approach to ob- 
tain satisfactory exhaust flame damping: (1) hide the 
flame or metal glow by means of shields; (2) spread the 
flame out in a long thin exit or multiple exist; and (3) 
restrict the exit area of the stack. : 

The method or combination of methods that should 
be used will depend on the configuration of the instal- 
lation. In some cases the exhaust-pipe outlets can be 





Fic. 4. Temperature distribution on instrumented exhaust stack. 


conveniently hidden by terminating the stacks inside 
the cowling or by using external shields. A critical 
condition for this method lies in the possibility of after- 
burning or torching. Tests indicate that torching may 
be prevented if the weight of cooling airflow through the 
shrouding is four or five times the flow of exhaust 
gases and if the air vélocity is above the flame front 
velocity for the resulting combustible mixture. 

In spreading out the flame it is interesting to note 
that.as the flame becomes thinner its color usually 
changes from yellow to red and sometimes to blue, 
The length of the flame is between five and ten times 
the minimum width of the exit. If the exit area is 
restricted, the intensity of the flame is reduced. In 
most installations it‘is usually possible to obtain a 
satisfactory compromise between satisfactory flame 
damping and the power loss due to the exit restric- 
tion. 


CARBON-MONOXIDE CONTAMINATION 


Final tests for carbon-monoxide contamination like 
the tests for flame damping must be conducted in 
flight, but it is possible to gain some valuable informa- 
tion from the full-scale engine test. To do this, it is 
necessary to study the airplane to determine which 
external regions will have openings in a location where 
the external exceeds the internal pressure. Smoke 
tests (shown in Fig. 5) will show the path of the ex- 
haust wake. A decision can be reached then as to 
whether the location of the exhaust outlets should be 
revised or whether the openings in the wake which are 
in the regions of high pressure should be sealed. Studies 
of this kind have helped prevent carbon monoxide cot- 
tamination on two airplanes. 
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FULL-SCALE POWE 





Exhaust pattern traced by means of smoke flow. 


Fic. 5. 


PROPELLER VIBRATION TESTING 


It is not possible to eliminate the propeller stress 
measurements in flight because it is usually rather 
dificult to simulate structural resonance and aero- 
dynamic interferences on the ground-test stand. One 
attempt was made to mount the installation elastically 
in such a way as to simulate the structural stiffness of 
the air-borne airplane. The aerodynamic interference 
due to the angle of flow across the propeller disc can 
be obtained in wind-tunnel tests. These methods are 
expensive, and, since the results are still looked on 
with some question, it is necessary to make the flight 
tests in any case. The most important advantage to 
be gained from making vibration tests on the ground 
stand is that the propeller manufacturers will often 
allow up to 100 hours of flight testing before a flight 
vibration test is necessary if the ground tests have 
previously shown that the engine excited stresses in the 
propeller are satisfactory. This factor may be welcome 
on a new airplane with a highly expedited flight-test 
program that can scarcely tolerate the week delay re- 
quired for the propeller vibration test. 


SERVICE EXPERIENCE ON SHEET-METAL PARTS 


One bothersome item in most sheet-metal structures 
or in fact almost any type of structure in the power- 
plant section is the fatigue cracking caused by the engine 
vibration as shown in Figs. 6 and 7. In the initial 
design a heavier gage material than necessary is often 
used to ensure against cracking. If a lighter gage ma- 
terial could be tested on the full-scale power-plant in- 
stallation during the early stages of the design, the 
critical regions of the structure could be determined and 
the fatigue cracks could be eliminated by redistributing 
the stress and eliminating the stress concentrations. 
At the same time the designers would have gained 
valuable experience in discriminating between good and 
poor structural design. 


ACCESSIBILITY, SERVICEABILITY, AND RELIABILITY 


It is easy to tell an engineer to design for accessibility 
and reliability, but it is difficult to understand on paper 
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Fic. 7. 


Fatigue crack in propeller spinner. 
t 
. 


‘how this is to be accomplished and why it is important. 


If, however, a designer is given the responsibility for 
keeping an installation in operating order and if he 
finds most of the time is being spent working on the 
installation with little running time being obtained, he 
usually makes a firm resolution to design his next in- 
stallation for easy accessibility and, even more impor- 
tant, not to require as much servicing. This point is 
driven home by his listening to the mechanics cursing 
a poor installation and ridiculing the designer. In fact 
this is one of the few successful ways found to date to 
make the men honestly appreciate the need for the best 
in accessibility, serviceability, and reliability. The 
results are apparent by the increased amount of engi- 
neering work which is done to simplify the design and 
improve the basic arrangement. 


Is IT THE TEST OR THE EXPERIENCE THAT COUNTS? 


As can be seen, a sizable number of tests were run on 
the full-scale engine installations for several airplane 
models, and in each-case the test results were responsible 
for improvements made in these airplanes. The real 
value of these tests was not realized until an airplane 
was designed with almost no tests of any kind. The 
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power-plant designers who had handled the tests on 
these test stands completed thé power-plant design 
for this new airplane in four months and the airplane 
flew four months later. 

Flight-test and service personnel were complimentary 
in their comments on this new installation. During 
the flight-test evaluation by the customer, an engine 
change was necessary. It was stated that this change 
was made in a shorter time than had been possible on 
any previous airplane at that facility. Subsequent 
tests and reports similar to the above have proved 
that this new airplane is outstanding for its simplicity, 
serviceability, and reliability. A little thoughtful re- 
flection on how such a successful airplane could have 
‘been designed in such a short time with little or no 
testing will serve to emphasize that the test data were 
not the most important result of the full-scale engine 
tests but that an even greater benefit was the training 
and experience that the testing gave the engineers 
associated with it. This training and experience will 
show dividends long after the tests are forgotten. 


Appendix I 


A MeTHOD FOR OBTAINING EQUIVALENT COOLING 
AIRFLOW 


In the text it was assumed that a flow of cooling air 
could be obtained in a wind-tunnel model which would 
be equivalent to that obtained in flight if the product of 
the velocity, V, and the relative air density, o, were 
held constant. To verify this, it should be remembered 
that all pressures and pressure drops for a given cowl- 
ing configuration are proportional to the free-stream 


dynamic pressure, where Ap is the pressure drop and, 


q = 1/2pV? is the dynamic pressure. 

If, for the moment, the temperature rise of the 
cooling air is neglected, then this expression can be 
applied to the baffle pressure drop across the engine and 
written as follows: 


oAp 


akg = ck(*/2o0p.V") 
*/epok(o V)? 


where po is the standard sea-level air density. 

The relation between the quantity of flow through 
an orifice and the pressure drop is given by the following 
expression if the equivalent orifice area, A eng, is known: 


'/sp(Q/A og.) , 


where Q is volume rate of flow, or 


sp =i) = EYL) = 


The mass rate of flow of cooling air through the engine 
is given by pQ, and this is the value that should be held 


Ap = 
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constant for both flight and wind-tunnel tests. By 
comparing the above equations, the following relation 
is obtained: 


"/akpo(oV)? = (*/sp0) [(0Q)?/A eng.”] 


Thus, if the orifice area is constant, then the mass 
rate of cooling airflow for a given configuration is q 
function only of oV as indicated previously. 

In this analysis it was assumed that the orifice area 
was constant and the temperature rise of the cooling 
air in passing through the engine was neglected. The 
effective orifice area is a function of Reynolds Number 
which is given by: 


R. N. = pVL/p = poo VL/u 


where L is the characteristic length of the cylinder 
fins and y is the viscosity coefficient, which in turn is a 
function of air temperature. Since oV is constant, the 
Reynolds Number and the orifice area will be constant 
if the ambient air temperature during the wind-tunnel 
test is reasonably close to the air temperature for the 
flight conditions. This will be the case particularly if 
the wind-tunnel tests are run in cool weather for the 


- purpose of obtaining results applicable to anticipated 


summer temperatures in the range of altitudes from 
10,000 to 20,000 ft. 

In regard to the temperature rise of the cooling air, it 
was noted above that the Reynolds Number, and conse- 
quently the heat transfer coefficient, weree unchanged 
and, of course, the mass flow was held constant. This 
indicates that the air-temperature rise is proportional 
to the temperature difference between the cylinder fins 
and the cooling air. Thus, if the equivalent gas tem- 
perature in the cylinder and the cooling air tempera- 
ture are approximately the same for both wind-tunnd 
and flight tests, the temperature rise of the cooling 
air will also be the same. This means that the changes 
in air densities will not be proportional, since the 
absolute pressures are not equal. Although not quite 
exact, the existing relations are accurate enough for all 
practical purposes within the normal range of altitudes. 
For extreme altitudes, special corrections for this ef- 
fect are necessary regardless of the method used. 

It would have been more fortunate if the change in 
temperature had produced a change in density pro- 
portional to the absolute density in each case, for them 
the change in momentum would have been unaltered. 
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Auditory Signals for Instrument Flying 


T. W. FORBES* 
Harvard Unwwersity 


INTRODUCTION 


N 1936, DE FLOREZ! DEMONSTRATED that a pilot could 
fly an airplane with his eyes blindfolded when two 

of his instrument indications were given by means of 
an auditory sigtial in his earphones. The pilot flew 
with rudder and elevators only, allowing the inherent 
stability of the Fairchild 24 to take care of lateral 
control. The signals employed were (1) a turn indica- 
tion consisting of increase of the signal intensity to one 
ear and decrease of intensity to the other and (2) an 
air-speed indication. consisting of a change of pitch of 
the signal. Although the plane described a wide 
climbing spiral rather than a straight path, the pilot 
was able to maintain satisfactory control and to recover 
from spins, thus demonstrating the feasibility of flying 
by auditory indications. 

It is well known that the large number of operations 
required of the pilot of a modern airplane, and the 
multitudinous instruments which he must follow, tax 
the abilities of the pilot to the limit. His eyes are es- 
pecially subject to overload, since he must keep track 
of the large number of instruments on the panel and 
at the same time look out for obstacles and observe his 
position relative to the ground. In fact, in the larger 
airplanes both pilot and copilot are sometimes kept 
busy, especially when flying under “instrument” condi- 
tions. 

The continuously increasing speed of modern planes 
and the advent of new devices such as air-borne radar 
will, if anything, increase this critical load on the eyes. 
Thus it would be an advantage if some of the flight 
indications could be furnished to the pilot through the 
ears. Accordingly, a further studyt of auditory flight 
indications has been carried out during the last 2 years, 
the results of which will be reported in this article. 

The purposes of the study were to determine (1) 
what types of auditory signals could be followed with 
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greatest ease, (2) with what accuracy such signals could © 
be utilized, and (3) how many simultaneous auditory 
signals could be followed successfully. It was therefore 
necessary, first, to design a variety of different auditory 
signals and, secondly, to test their effectiveness on a 
group of men in a task similar to that of “flying blind” 
in an airplane. 

The results indicate that, if the signals are properly 
designed, as many as four auditory indications can be 
followed without interfering with radio and interphone 
communication when occasion demands. 


DEVELOPMENT OF SUCCESSFUL AUDITORY SIGNALS 


Tone Signals 


The aim of this part of the investigation was to de- 
velop three aural indications that could be followed 
simultaneously. Indications for turn, bank, and air 
speed were tried out on two synthetic devices. One of 
these was the airplane pursuitmeter, a device in which 
the subject tried, with controls similar to airplane con- 
trols, to compensate for deviations introduced in un- 
predictable fashion by a mechanical device. Auto- 
matically computed scores measured the success with 
which the signals were followed. The second device 
used was the familiar Link Trainer. In this case the 
auditory signals were arranged to give turn, bank, and 
air-speed indications. In both cases, the records ob- 
tained by use of the auditory signals were compared 
with records made by the same individuals using visual 
indications. 

Ten men between the ages of 19 and 36 were used as 
subjects. Since none of the subjects had had any pre- 
vious flying training, the course of learning could be 
followed for both the visual and auditory types of 
indication. 

The task, in the case of the Link Trainer, was to fly a 
straight course by means of turn, bank, and air-speed 
indications alone (without any compass or gyro direc- 
tion indicator) and with the rough-air attachment 
turned on. The task set by means of the airplane 
pursuitmeter was a somewhat similar one. A number 
of trained pilots also tried the best signals on the Link 
Trainer. 

Several types of auditory signals were tested, the first 
being combinations of tones, pitches, and “‘chopped”’ sig- 
nals. In general, it was found that those combinations 
that were formed by adding separate tone signals to- 
gether were too complex to be followed successfully. 
Some individuals had difficulty in analyzing each sig- 
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The Link Trainer equipped for testing auditory signals. 


Fic. 1. 
Signal generators and servo units are shown mounted around the 


base of the trainer. The usual ‘‘crab’’ recorder appears on the 


desk in foreground. 

nal from the complex auditory pattern when two or 
more signals were used. There was a general tendency, 
when using these complex signal combinations, for the 
subject to follow one indication with such attention 
that the other two escaped him and ‘‘went out of 
control.” 

However, two auditory signal combinations were de- 
veloped which were successful enough to be of possible 
practical utility. Both of these ‘‘sounded like the be- 
havior of the airplane.”’ One of them was similar to a 
signal used by de Florez. It involved apparent motion 
of the tone to the right or to the left in a manner 
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roughly corresponding to the right and left indications 
of a radio compass. This signal can be used with a 
second indication superimposed on it to indicate air 
speed. 


The second successful signal was a three-in-one indi- 
cation. That is to say, different characteristics of the 
same signal were used to indicate turn, bank, and air 
speed. These indications were (1) a repetitive or 
sweeping type of motion of the signal from left to right, 
(2) apparent “‘tilt’’ produced by pitch variations, and 
(3) a “putt” sound the rate of occurrence of which 
could be associated with the sound of the airplane 
motor. 


With this three-in-one signal the ten subjects learned 
to operate the Link Trainer so as to fly a respectably 
straight course in “rough air’’ after a couple ef hours of 
practice. The results corresponded quite well with 
those obtained by the same men using visual indica- 
tions after about the same period of practice. Fig. | 
shows the signal equipment mounted on the Link 
Trainer for test purposes, while Figs. 2 and 3 give 
samples of records made with both types of indication, 
As would be expected, some of the men had more 
difficulty than others, both in learning to manipulate 
the controls and.in following each type of signal. 


Six private pilots, some of whom had had some in- 
strument instruction, were able to operate the Link 
Trainer creditably by means of the auditory signals 
after a practice period of about 1 hour. Several navy 
pilots, after a short trial, were confident that it would 
be possible to fly with this signal combination. 
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records for subject C. Trials were 10 min. in length. 


Link Trainer records of subject C who was representative of the 
better performers. Trials were 15 min. in length. 
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AUDITORY SIGNALS FOR INSTRUMENT FLYING 


The two-in-one signal did not give so accurate results 
as the three-in-one but could be used successfully where 
two signals were sufficient. 

Either of the two signal combinations might be ap- 
plied to other instruments than the ones used for test 
purposes. For instance, the turn signal might be of 
more use if controlled by the gyro direction indicator 
or the radio compass for keeping on course during long 
flights. 

It was of especial interest that the simulated radio- 
range signal and voice communication could be heard 
simultaneously with the two-in-one and the three-in-one 
type of signal without difficulty. This was due to 
avoidance of a large number of tones, which would 
cause greater interference with range and voice sig- 
nals. 


Automatically Produced Speech Signals 


A device called an automatic annunciator was de- 
veloped for the purpose of announcing altitude, air 
speed, or other similar instrument indications directly 
tothe pilot. This device translated the indicator read- 
ings automatically into spoken messages. It proved 
successful and offered promise of useful application for 
many types of instrument indications and of warn- 
ings. 

As developed for demonstration purposes, the device 
announced altitude in 200-it. units through the pilot’s 
earphones. The annunciator consisted of a light, com- 
pact, multichannel sound reproducer of the magnetic- 
tape variety, on each channel of which a permanent 
Each channel 
the 


message had been previously recorded. 


contained one spoken number or one wnit of 


message, and these were selected by relays operated 


by a control switch unit. This unit followed the Link 


Trainer altimeter by means of a self-synchronous re- 
peater and servo units. After the app iate message 
units were sclected, they w im the proper se- 





Fic. 4. The multichannel magnetic tape sound reproducer. 
The magnetic tapes carrying spoken message units are carried 
on the edges of aluminum discs, which form the reproducer drum. 
This drum rotates beneath pickup coils which feed the signal to 
an audio amplilier. 





relay 


1 to the 
This latter unit was developed for announc- 
ing altimeter readings. 


Fic. 5: The multichannel reproducer connecte 


and sequence unit. 


quence in order to say, for example: ‘‘two-thousand 
two-hundred feet.”’ 

The automatic annunciator may be coupled to in- 
struments by servo devices in cases where the aircraft 
instrument does not have sufficient torque to operate 
the control device direct. However for some applica- 
tions, the annunciator may be operated direct (without 
any servo unit) by means of vacuum tubes. 

The control circuit is such that, with a four-unit 
message such as ‘‘four-thousand four-hundred feet,’ 
the lag in the spoken indication will never be more than 
the length of the message plus 1 sec. In the four-unit 
message this means a lag of 5 sec. In case the applica- 


tion requires the shortest possible time interval, single- 


channel messages may be used, with a resultant lag of 
about | sec., and, in case this 1-sec. lag is still too great, 
‘ t uiticipation type can be employed to 
redt t still further 

Phe twe nnel magnetic-tape annunciator* 
we ip 15 Ibs. A ited selection 
and control « ent will weigh more or less depending 
on the a 1. Fig. 4 shows the multichannel 
sound weer, and Fi ) illustrates it covered and 
conn relay | sequence unit developed for 
l W { 

it trials of the annunciator on the 
L ive shown that there is little 
d ( between the speech from 
r SI h « munication 

nels. This is due to the fact 
t es may be made to override 
th the fact that the annuncia- 
tor ha hm and a speech characteristic 
\ e readily identified. 

* Devel 1 through the cooperation of Bell Telephone 
Lal : Ap iation is expressed to Dr. E. C. Wente of 
N.D.R.C. Section 17.3 and Mr. W. L. Woolf of Stevens Institute 
of Technology for valuable advice and interest. 
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Possible Applications 


It is not anticipated that auditory signals will en- 
tirely displace visual instruments in the airplane for 
any of the fundamental indications. However, it has 
been demonstrated that as many as three auditory 
signals can be followed with accuracy if properly de- 
signed aural indications are used. It is thought that 
the spoken indications can be useful as auxiliary aids 
to furnish warnings of various types and to give alti- 
tude and air-speed information to the pilot at times 
when his eyes must be otherwise engaged. 

A tone signal attached to the gyro direction indicator 
might be of considerable advantage on airplanes that 
do not have the automatic pilot for maintaining the 
proper heading on cross-country flights. Or again, 
such a signal might be controlled by the self-orienting 
loop of a radio compass for long distance “‘Shoming’’ on 
radio stations. This would allow the pilot to maintain 
the proper bearing on the station without the necessity 
of constantly watching the needle indicator of the radio 
compass. 

It is possible that auditory signals, if properly de- 
signed, can be-of assistance in connection with some of 
the new blind landing systems that are under develop- 
ment. 

The automatic annunciator can be arranged to an- 
nounce altitude or air speed, or both alternately, for 
landings and take-offs. Such auditory messages would 
be of advantage in single-seater planes for landings 
made under low visibility and night conditions. On 
larger airplanes they could also relieve the copilot of 
calling out this information. Furthermore, the an- 
nuciator can be arranged to call attention to sources of 
trouble, such as wheels not down, flaps not down, gas 
tank empty, and other items. 


FUNDAMENTAL PRINCIPLES OF SUCCESSFUL AURAL 
INDICATIONS 


In order to be successful, auditory signals must be 
designed with a view to certain psychological principles 
having to do with hearing and with the pilot’s reactions. 
Certain of these principles may be summed up as fol- 
lows: 
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(1) Pilots have certain habitual methods of think. 
ing about the attitude of the airplane and similar 
variables. The signals must be designed to fit these 
habits of thought. 

(2) Most fliers are much more accustomed to using 
visual indications than auditory ones. Therefore, the 
auditory signals should be as simple and as self. 
explanatory as possible. Only in this way will the 
need for special training of pilots in use of the signals 
be reduced to a minimum. 

(3) Under most circumstances, a person can attend 
to only one thing at a time. It was found that, when 
several independent auditory signals were added to. 
gether, the individual following the signals might at- 
tend for a while to each in turn, as he was supposed to 
do. Then, however, there was a tendency for one 
signal to “capture” his attention to the exclusion of the 
other. To be of practical value, the auditory signals 
must be designed so that this “‘capture of attention” 
does not occur. 

(4) In military aircraft, especially, information 
from various sources is continuously obtained through 
the earphones from radio and interphone channels, 
Any auditory indications used must be designed to 
interfere as little as possible with such messages. 

(5) It is not sufficient to produce an auditory signal 
that satisfies the designer. The signals must also be 
tested by psychological methods on persons unbiased 
by familiarity with their development. They must be 
made to fit the capabilities of the average pilot, not 
merely the special auditory talents of a few indi- 
viduals. 

It is believed that auditory signals developed in ac- 
cordance with these principles offer considerable 
promise for the future of aviation. Auditory signals 
have a distinct advantage wherever the pilot’s atten- 
tion must be called to a malfunctioning part or when- 
ever his vision must be otherwise occupied, as in take- 
offs and landings. 
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Study of Basic 


(Continued from page 246) 

requirements of aircraft. In so doing they also de- 
termine the operating requirements of automatic con- 
trol equipment. It follows that suitably designed auto- 
matic controls provide an invaluable tool for standard- 
izing operation of the aircraft and correlation of experi- 
mental and theoretical design data. The use of auto- 
matic controls for analysis of basic flight problems has 
reached a stage where definite promise of advantages 
predicted is shown and where the results of such use 
opens a road to continued improvement of design 
methods. 


Flight Problems 
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The Effect of Notches on Static and 
Fatigue Strength’ — 


 D.W. DRAKE* 
Lockheed Aircraft Corporation 


ABSTRACT 


The principal variables that determine the effect of a notch on 
the static and fatigue strength of a structure are discussed, their 
interaction is examined, and test data are presented. An ex- 
planation is presented for the apparent parad6x of a material’s 
exhibiting relatively high static notch efficiency but developing 
relatively low-notched fatigue strength. , 


INTRODUCTION 


_—- INVESTIGATIONS have shown that aluminum 
alloys such as artificially aged 24ST and 75ST de- 
velop relatively high static strengths in notched struc- 
tures but develop comparatively low-notched fatigue 
strengths.’ It is the purpose of this report to dis- 
cuss the variables affecting the local strength of notched 
structures, particularly as they affect the choice of 
structural materials. 

In the analysis of tension joints there are two general 
problems that must be considered: first, the distribu- 
tion of load among the various members of the joint, 
and, second, the effect of notches on the local strength 
of the members. The effects of geometry, fastener 
pattern, and the stress-strain properties of the material 
on the distribution of load among the various members 
of a joint have been discussed by Holleman and by 
Koegler and Schnitt.':* This report will consider 
only the effect of notches on the local strength of the 
members. It has been divided into two parts, Part 1 
being a discussion of the effect of notches on static 
strength and Part 2 considering the effect of notches on 
fatigue strength. 


ParT 1—SraTic STRENGTH 


Introduction 


Past practice in the design of tension members to 
develop a given static strength has been to assume that 
sufficient yielding would take place before failure so that 
the stress across a section could be considered to be uni- 
form, the holes and notches acting to reduce the strength 
of the structure in direct proportion to the amount of 
area removed. A number of investigators have shown 
that this assumption is only an approximation of the 
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true condition and that it may be either conservative 
or unconservative depending on the material and sever- 
ity of the notch.!:6-8,10,11,15, 17,18 


A closer examination of the problem indicates that 
the effect of a notch is determined by the interaction 
of a number of factors, the most important of which are 
(1) the true breaking stress of the material, (2) the shape 
of the stress-strain curve, (3) a phenomenon that will 
be referred to as elastic-plastic support, and (4) the 
elastic stress distribution in the vicinity of the notch. 
Each variable will be considered separately and then 
various cases will be examined to see how these vari- 
ables interact. 


True Breaking Stress of the Material 


Gensamer* and Dorn‘ have collected considerable 
data that indicate that either the maximum shear stress 
or the maximum normal stress may govern rupture. 
However, for most notched parts that are loaded in 
tension the maximum normal stress law appears to 
govern failure, the rupture stress being the true failure 
stress of the material rather than the engineering maxi- 
mum stress as defined by tension coupon test results. 
One of the principal variables governing static ef- 
ficiency will therefore bé the ratio of the true failure 
stress to the engineering failure stress, which ratio may 
be considered to be roughly proportional to the ratio 
of the initial and final areas of a tension test 
coupon. 


On the basis of this factor alone, it would be expected 
that materials that develop high elongation and reduc- 
tion of area would develop high static efficiency at a 
notch, since the true breaking stress—i.e., the local 
stress that the material could tolerate at the notch— 
would be several times as high as the engineering fail- 
ure stress that would be used to determine joint ef- 
ficiency. 


Effect of Shape of Stress-Strain Curve 


The presence of a hole or notch in an elastic tension 
member produces a concentration of stress and strain 
in the vicinity of the discontinuity. For stresses in the 
elastic range, the magnitude of this concentration may 
be determined by the mathematical theory of elasticity, 
or it may be determined experimentally by photoelastic 
or strain methods. Cozzone® found that elastic stress 
concentration factors could be used in the plastic range 
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Stress distribution at maximum load for hypothetical 
materials of Fig. 1. 


Fic. 2. 


if discontinuities were considered to produce strain 
concentrations and if the stress were read from the 
stress-strain curve at a point corresponding to the indi- 
cated strain. This postulate makes it possible to ob- 
tain the stress distribution across a joint at failure and 
thus to evaluate the effect of the shape of a stress- 
strain curve on the static efficiency of joints. This 
process is illustrated diagrammatically in Fig. 2 for the 
hypothetical stress-strain curves shown in Fig. 1. If 
it is kept in mind that the highest joint efficiency is al- 
ways ‘associated with the highest average stress across 
the section, it will be seen that: 


(a) When a material can tolerate a local strain 
greater than the product of the yield strain and the 
strain concentration’ factor—that is, when the entire 
section is stressed above the yield point—the material 
with the highest yield ratio (ratio of yield stress to ulti- 
mate stress) will generally have the highest static ef- 
ficiency. 

(b) When the product of the yield strain and the 
strain concentration factor exceeds the local strain that 
the material can tolerate, severe reduction in joint ef- 
ficiency may be obtained, and it is possible for a ma- 
terial having a high yield ratio and a low local elonga- 
tion to develop lower efficiency than a material having 
lower yield ratio and a higher local elongation at fail- 
ure. In this case the relative efficiencies developed will 
depend almost entirely on the severity of the strain 
concentration. 


Elastic-Plastic Support 


This effect may be best visualized by considering a 
round bar with a sharp “V”’ notch cut around its mid- 
point. Because of the presence of the notch, nonuni- 
form circumferential, radial, and longitudinal stresses 
are developed in the vicinity of the notch by elastic 
loading. As the material at the base of the notch passes 
the yield point, the ratio of transverse displacement to 
longitudinal strain tends to increase locally. This 
tendency is resisted by the still elastic material of the 
shoulder and thereby additional transverse tensile 
stresses are induced. These transverse stresses reduce 
the longitudinal strain and resist reduction of the area 
of the critical section, the magnitude of the restraint 
being primarily a function of the amount of elastic 
shoulder material and the sharpness of the notch. 
Hence, if the maximum normal stress is considered to 
produce rupture, this factor alone may greatly increase 
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Variation of net area efficiency with depth of notch 


Fic. 3. 
Specimens ‘‘V’’-notched bars of 


for different material strengths. 
SAE 3140 steel in tension.® 
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the static efficiency of a member, since the original area 
js substantially maintained while the stress distribution 
is made more uniform. 


Interaction of Factors 


Again using as an example the round bar with a sharp 
“Vy” notch, the interaction of above factors may be il- 
lustrated. As the bar is initially loaded, a high longi- 
tudinal stress concentration exists at the root of the 
notch. As the material at this location yields, the 
stress across the section becomes more uniform. This 
yielding builds up transverse stresses across the section 
which tends to restrict yielding and to maintain the 
original area. If the original area were maintained 
and the stresses across the section were uniform, the 
net area efficiency could be of the order of 200 to 300 
per cent. Of course, these two conditions cannot be 
met simultaneously, and actual net area efficiencies 
will be less than these values. In Fig. 3, data from 
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for different material strengths. Specimens ‘‘V’’-notched bars of 


SAE 3140 steel in tension.® 
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reference 6 are presented showing the variation of net 
area efficiency for sharp ‘“‘V’’-notched round bars of 
SAE 3140 steel with notch depth for various strength 
levels. In Fig. 5 these data have been replotted to 
show more closely the variation of net area efficiency 
with strength level for various notch depths. From 
these figures it is seen that the net area efficiency of- the 
low-strength material increases with notch depth, the 
increase being attributable to the increased elastic- 
plastic support obtained with increased notch depth. 
It may be noted however, that with deep notches in 
low-strength material or with shallower notches in 
high-strength material, the material does not yield suf- 
ficiently to produce uniform stress across the section 
before failure takes place. It may be further noted 
that as the material strength increases the depth of 
notch which produces maximum net area efficiency be- 
comes shallower. This is as would be expected when it 
is recalled that an increase ig the material strength of 
steel is generally associated with a decrease in ultimate 
elongation and reduction in area. 

In Fig. 6 data from reference 8 for 14ST, 75ST, and 
24ST aluminum-alloy notched round and square bar 
are presented. These data are particularly interesting 
in that they show another interaction of the aforemen- 
tioned factors. The reduction of area for unnotched 
specimens of these alloys is much less than for low- 
strength steels and the elastic Poisson’s ratio is some- 
what higher (steel 0.28; aluminum 0.33). Accord- 
ingly, it is to be expected that the elastic-plastic 
support would be less effective for these aluminum al- 
loys than for steels. That this effect is somewhat less 
pronounced in the aluminum alloys is indicated in Fig. 6. 
The elastic stress concentration of the sharp-notched 
specimen is considerably higher than that of the dull- 
notched specimen. In steel, the higher stress concen- 
tration would be offset to a large extent by an increased 
elastic-plastic support effect; however, it is seen in 
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Fic. 6. Notch efficiency versus area removed by notch.’ 


Fig. 6 that the increased stress concentration is more 
effective than the increased elastic-plastic support ef- 
fect for the aluminum alloys. 

As would be expected, since there is less restraint 
against reduction in area, the notched rectangular bar 
developed a lower efficiency than the rourid-notched 
specimens. (More triaxial stress is present in the 
round specimen.) It may be expected that as the un- 
notched transverse dimension is decreased to that of a 
thin sheet there will be a further drop in efficiency. 

The difference in efficiencies exhibited by the three 
aluminum alloys is readily explained by their stress- 
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Fic. 7. Typical aluminum-alloy stress-strain curves.® 
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Fic. 8. Efficiency versus area removed by a hole. Thickness— 
0.50 in.!° 


strain curves. 
from reference 9. In this figure, it may be noted that 
14ST has the flattest stress-strain curve in the plastic 
region, 75ST being next, and 24ST last. The relative 
efficiencies of the three materials are in the same order 
that would be expected from the previous discussion of 
the effect of stress-strain curve shape. Other data for 
these three materials indicate the same relative order of 
efficiencies (see Figs. 8, 9, and 10, and references 8, 10, 
and 19). 


Internal Notches 


The principal difference between internal and ex- 
ternal notches lies in the amount of elastic-plastic sup- 


Typical curves are presented in Fig. 7 
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Fic. 9. Efficiency versus area removed by a hole. Thickness— 
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port effect. Because of the stress distribution around 
the edge of an internal hole or similar discontinuity, 
there is comparatively little restraint against reduction 
in area as the critically stressed portion becomes plastic. 
This difference is illustrated in Fig. 11, which shows 
efficiency factors for geometrically similar internal and 
external holes.'! ; 

The effect on the efficiency factor of varying the 
amount of area removed by a hole is shown in Figs. 8- 
12 from references 10 and 11, for several different ma- 
terials. The small increase in efficiency with increased 
area removed may be attributed to a decrease in the 
elastic stress concentration factor. The high efficiencies 
for small amounts of area removed is due to the size of 
the hole approaching the size of discontinuities in the 
material. 

The effect of an unsymmetrical hole depends pri- 
marily on the type of load to which the specimen is 


subjected. If uniform load is applied to the end of the 
specimen, considerable bending strain may be induced 
with a resulting drop in efficiency.’ If, on the other 
hand, the specimen is restrained so that it cannot bend, 
the effect of lack of symmetry will be negligible until 
the hole is placed close enough to the edge of the speci- 
men to change the elastic stress concentration fac- 
tor.!!. 12 
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Reference 11 indicates that the efficiency of a number 
of holes in a line perpendicular to the direction of load- 
ing is somewhat better than a single hole in a strip with 
the same D/W (see Fig. 11). This effect may be at- 
tributed to a decrease in elastic stress concentration." 

It is shown in references 1 and 11 that effect of multi- 
ple staggered holes such as used in rivet patterns may 
be detrimental even though failure does not occur 
through both rows of holes. This is attributed to the 
high shear stresses developed by transferring the axial 
load around the holes in succeeding rows. Localized 
yielding cannot be effective in eliminating this bad 
stress distribution across the section. 
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Matthaes'' found that a rivet-filled hole developed 
a somewhat higher efficiency than an empty hole (see 
Fig. 13). This difference may be attributed to the 
transverse compressive stress developed in the material 
at the edge of the hole. Since a transverse compressive 
stress will reduce the longitudinal stress at which yield- 
ing takes place, the compressive stress will tend to pro- 
duce more uniform stress across the section at failure 
and thus to increase the efficiency. The difference be- 
tween the round head and countersunk heads may be 
attributed to differences in the amount of transverse 
compressive force exerted by the rivet. 

The effect of loading through a rivet or bolt as com- 
pared to that of a floating rivet depends on the differ- 
ence in the elastic stress concentration factor, and this 
factor is principally a function of the ratio of shear 
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load on the rivet to the load carried past it and of the 
percentage of area removed by hole.’ In Fig. 14, 
data for 75ST and 24ST extrusion from reference 10 
have been plotted for the case in which 100 per cent of 
the load is transferred by a single bolt. It may be 
noted that tests were not conducted below D/W = 0.4. 
This is probably due to the fact that below this value 
the failure would have been primarily a bearing failure. 
Muller! ran tests of AZM Elektron at lower values of 
D/W without crushing failures using specimens with a 
number of rivets in a row in the direction of the applied 
load. His data are plotted in Fig. 15, the number of 
rivets in each specimen being noted by each test point. 


Size Effect 


In the discussion heretofore, it has generally been 
assumed that the law of similarity was valid—i.e., that 
for geometrically similar specimens and loading the de- 
veloped stress and strain are constant. There is some 
evidence that the law of similarity is not accurate when 
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applied to notched specimens. Matthaes" found a con- 
sistent decrease in efficiency with increase in size of 
geometrically similar aluminum-alloy and steel speci- 
Dorn and 
Meriam” found the same effect for similar specimens of 
magnesium alloy. Docherty’* found a considerable 
decrease with increased size in the angle through which 
a notched bar could be bent before rupture. Nadai 
and MacGregor” report a number of references in 
which the failure stress of notched round bars was ad- 
versely affected by increase in size. Sachs" states that 
the stress-strain curve for a given material is not af- 
fected by change in size, except that test bars of larger 
size fail at a lower strain and, hence, at slightly lower 
stress. Dorn” attributes the effect of size on perfo- 
rated specimens to the fact that the stress gradient rela- 
tive to grain size does not obey the law of similarity. 
Probably the effect of size on notched specimens is due 
to a small extent to a decrease in ultimate strain and 
to a larger extent to a change in stress gradient relative 
to grain size, since the available data indicate that there 
are much larger effects with size than could be at- 
tributed to a small change in allowable strain. The 
low efficiencies developed by the spar caps reported by 
Moseley” (Fig. 17) are probably due to size effect, the 
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effect of bending and the change in geometry being too 
small to account for the reduction. 


The effect of size has important significance as ap- 
plied to the strength of large airplanes, particularly 
when the strength of large components is checked by 
scale model tests. This phenomenon is worthy of 
further investigation. 


Part 2—EFFECT OF NOTCHES ON FATIGUE STRENGTH 


Introduction 


The effect of a notch on the fatigue strength of a 
structure is, like the effect on static strength, greatly 
complicated by the numbers of interacting variables. 
However, most of the important variables that affect 
fatigue strength are not the same variables that affect 
static strength. It will be shown that this change in 
significant variables can account for the apparent para- 
dox of a given material developing high relative static 
strength and low relative dynamic strength. 


It was indicated in Part 1 that the difference between 
true failure stress and the engineering ultimate stress, 
elastic-plastic support effect, and the shape of the stress- 
strain curve were the principal factors determining the 
static strength of notched specimens. Since there is 
little change in area under the stresses that produce 
fatigue failures in material specimens, the true average 
stress and the engineering stress are for all practical 
purposes the same; hence, this factor is not a significant 


variable in determining fatigue strength. Secondly, . 


since the amount of yielding which takes place under 
fatigue conditions is, in general, small enough so that 
the transverse stresses developed by a change in Pois- 
son’s ratio apparently do not affect the fatigue strength, 
this factor also is not significant. In order to deter- 
mine the effect of the shape of the stress-strain curve on 
the fatigue strength, it will first be necessary to examine 
the actual stress conditions in the vicinity of a notch 
at low nominal stresses. Consideration of the question 
of effect of the stress-strain curve will therefore be de- 
ferred until the effect of a change in material is con- 
sidered. 


Fatigue strength may be considered to be determined 
by the magnitude of the varying stress rather than the 
maximum stress, as in the static strength case, the mag- 
nitude of the varying stress that will produce failure 
in a given number of cycles being determined by the 
stress level at which the varying stress operates. The 
stress level may of course be defined by maximum, 
mean, or minimum stress. The effect of a notch is to 
tend to raise locally both the varying and the maximum 
stress in a cycle and, hence, to reduce the number of 
loading cycles which a part will sustain before failure. 
The manner in which the stresses change at a notch is 
not definitely known, but the following appears to be a 
reasonable approximation: 


e 








266 


First, in the elastic range, the stress distribution in 
the vicinity of the discontinuity is that predicted by the 
theory of elasticity. Secondly, as the stress exceeds 
the rather short elastic range, the change in stress for a 
given change in strain is reduced, the amount of this 
reduction being a function of the magnitude of the 


stress. 


This reduction is illustrated in Fig. 18, which 
shows the stress-strain variation of the most highly 
stressed point of a notch, points A and B being the 
maximum and minimum stress predicted by elastic 
theory and points C and D being the actual maximum 
and minimum stress in a cycle. It is seen that both 


the maximum stress and the varying stress are smaller 


than predicted by elastic theory. This reduction of 
stress due to inelastic action is reflected in the forma- 
tion of a hysteresis loop. In Fig. 19 the stress distri- 
bution across the critical section for both maximum and 
minimum load is shown. This reduction of maximum 
and minimum stress works to increase the fatigue 
strength above that predicted on the basis of elastic 
theory in two ways: first, reduction of varying stress 
results in longer life, since fatigue life is determined by 
the magnitude of varying stress; secondly, lowering the 
stress level increases the varying stress that will pro- 
duce failure in a given number of cycles. 


_Foster and Seliger have determined, from a compar- 
atively large number of fatigue tests of 24ST aluminum- 
alloy notched specimens, true stress as a function of 
applied stress and of the elastic stress concentration 
factor. By using their method, the fatigue strength 
of a structure may be readily predicted if the elastic 
concentration factor is known. Since most practical 
notches have been evaluated on the basis of such factors 
no further discussion of the effect of various different 
notches need be included. 


Effect of Different Materials 


The major factors that influence the relative fatigue 
strengths of a particular structure when fabricated from 
different materials, are material fatigue strength, shape 
of the stress-strain curve and, indirectly, the ultimate 
strength when the structure is designed on the basis of 
ultimate strength. 

‘The effect of each of these factors appears to be 
somewhat as follows: 


The fatigue strength of the structure will vary di- 
rectly with change in the fatigue strength of the ma- 
terial from which it is fabricated. At present there are 
but scanty data on the relative strengths of the alumi- 
num alloys commonly used in airplane construction, 


but what data there are available indicate that the fa- 


tigue strengths of 24ST, 75ST, and 24ST86 are all ap- 
proximately the same—i.e., increased static ultimate 
strength does not seem to produce a corresponding in- 
crease in material fatigue strength. 
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The effect of the shape of the stress-strain curve on 
the fatigue strength of a notched specimen may be indij- 
cated by considering the stress distribution across the 
critical section at both maximum and minimum load. 
The maximum load-stress distribution under fatigue 
failure conditions will be determined by the stress- 
strain curve in the same manner as in the static strength 
analysis (Part 1). The stress distribution at minimum 
load will be determined by subtracting the varying 
strain from the maximum load strain and determining 
from the stress-strain curve the stress corresponding 
to this strain. In Fig. 20, stress distribution curves 
for the three hypothetical materials shown in Fig. | 
have been sketched. It will be noted that the material 
with the lowest yield point has the lowest maximum 
stress for a given load. Further, since the width of the 
hysteresis loop is a function of the amount of inelastic 
action, it is evident that the varying stress will be small- 
est for the material with the lowest yield point. Hence, 
the effect of increasing the yield ratio of a material is to 
increase the maximum stress in a cycle, to increase the 
varying stress developed, and, hence, to decrease the 
fatigue life of a notched specimen. In Fig. 21° some 
single-row riveted lap joint test data for several alumi- 
num alloys are plotted. On the assumption that the 
fatigue strength of the materials is the same, the effect 
of change in stress-strain curves is readily apparent. 


In the above discussion of notched materials the 
fatigue strength of specimens with identical dimensions 
has been considered. If, however, specimens are de- 
signed on the basis of static strength—i.e., the dimen- 
sions are reduced to account for an increase in the static 
strength of the material—another factor must be con- 
sidered. With the common aluminum alloys used in 
air-frame structures, an increase in static ultimate stress 
is generally associated with an increase in yield ratio. 
Hence, if a structure is designed to this increased stress 
the stresses produced by a given load will be increased 
and the fatigue life reduced. The effect of this factor 
is illustrated in Fig. 22 in which the data from Fig. 21 
have been replotted with stress expressed as per cent 
of ultimate strength. It may be noted that on this 
basis a comparatively large reduction in fatigue strength 
is associated with use of the high-strength alloys. 


Size Effect 


The effect of size on the fatigue strength of notched 
and unnotched geometrically similar specimens has 
been noted by a number of investigators. Reference 
21 gives a rather extensive bibliography of various in- 
vestigations of the effect of size on the fatigue strength 
of steel. A discussion of this effect may best be di- 
vided into two parts; the effect of size on material 
fatigue strength and the effect of size on notched fatigue 


strength. 


No effect of size on the axial tension fatigue strength 
of 24ST aluminum-alloy sheet of usual sizes has been 
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ai y sere Fic. 23. Effect of center punch marks on the fatigue strength 
Fic. 20. Variation of maximum and minimum load stress dis- _ of 0.064 24ST Alclad sheet loaded with grain. Ratio of minimum 
tribution for hypothetical materials of Fig. 1. to maximum load = 0.2.%4 
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found in Lockheed tests. Reference 21 indicates that 
the size effect on the axial tension fatigue strength of 
steel may be large enough to be important and that it 
may be attributed to variation in the stressed volume. 
This theory asserts that, since fatigue strength is de- 
termined by local conditions, the more volume that is 
stressed, the larger is the possibility of obtaining a weak 
spot in the test section. The relative consistency of 
the aluminum and steel alloys would thus explain any 
difference in the effect of size on their fatigue strength. 

The effect of size on the fatigue strength of notched 
specimens is probably due to the operation of one or 
more of the following factors: first the fatigue strength 
of the material, as determined from test specimens, 
represents the strength of the material with as few 
notches and discontinuities as possible. Actually, the 
strength thus determined is a notched strength rather 
than the fatigue strength of perfect material. In 
notched specimens the maximum stressed volume is 
relatively small, and, since weak points may be assumed 
for the purpose of discussion to be uniform in number 
for a given volume, the chance of a weak point existing 
at the point of maximum stress is a function of the size 
of the specimen. This point is well illustrated by cast 
iron, which is notable for its lack of homogeneity and 
for its low notch sensitivity. However, in extremely 
large specimens it also develops stress concentration 
factors approaching the theoretical. Secondly, the 
theory of elasticity assumes a homogeneous material, 
while actually most metals are made up of crystals ran- 
domly orientated. As the stress variation from point 
to point—i.e., the stress gradient—becomes larger rela- 
tive to the crystal or grain, the more the assumption 
of a homogeneous material would be expected to be in 
error. This effect varies with different materials; with 
24ST aluminum alloy for instance, values approaching 
the theoretical concentration factor within a few per 
cent have been obtained on relatively small specimens. 
References 22 and 23 report, however, that the effect of 
stress gradient on grain size becomes pronounced in steel 
as the number of grains within 5 per cent of peak stress 
drops below 50,000. 


On the above basis, it becomes apparent why many 
investigators have found differences between bending 
and axial tension fatigue strengths, since the calculated 
outer fiber stress will-tend to be more than the true 
stress if the material cannot maintain the required 
stress gradient in bending. 


Effect of Secondary Discontinuities 


Engineers are often called upon to consider the effect 
of secondary discontinuities, such as punch marks, im- 
pression stamps, scratches, sheared edges, and the like, 
on the fatigue strength of airplane stressed skin struc- 
ture. Because such discontinuities have often been 
considered independently of the structure in which 
they occur, recommendations with regard to them 
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The follow- 


have tended to be extremely conservative. 
ing approach to this problem is suggested: 


In evaluating the effect of a discontinuity, it must be 
remembered that no part of the airplane structure is 
free of stress concentrations and that under repeated 
loading a fatigue failure will initiate at the point of 
maximum stress concentration (if the nominal gross 
area stress is uniform) regardless of the combination or 
relative number of loads applied. For example, if a 
notch is cut in a strip of material and the strip is sub- 
jected to repetitive loading, failure will occur at the 
notch in a certain number of cycles. If a hole is drilled 
in the strip at such a distance from the notch that the 
stress distribution around the notch is unchanged and 
if the notch has a higher gross area concentration factor 
than the hole, the strip when tested under the same 
loading will fail at the notch in the same number of 
cycles as before. In other words, the service life of a 
structure will be determined by the magnitude of the 
maximum gross area concentration factor, regardless 
of the number and type of other discontinuities that 
may be present. This will occur for any loading sched- 
ule that may be used to produce failure as long as both 
specimens are subjected to the same schedule. Ac- 
cordingly, since the effects of these secondary dis- 
continuities are local, the evaluation of their effect may 
be reduced to determining whether a given discontinuity 
develops a higher or lower elastic stress concentration 
than the stress eoncentration associated with the area 
of the airplane structure in which it lies. 


For present stressed-skin construction—i.e., struc- 
ture tied together with rivets and spot welds—tt is not 
expected that any part of the structure will be loaded 
without developing an elastic stress concentration equiv- 
alent to that of a hole ina sheet. Actually, no stressed- 
skin structure that has been examined at Lockheed 
has been found which has this low an elastic stress con- 
centration factor. 

In Fig. 23 some data from reference 24 are presented 
for strips with deep punch marks. It will be noted 
that these punch marks developed lower stress concen- 
tration factors than perforated.sheet. 


In Fig. 24 some Lockheed data for strips stamped 
with flat bottom impression stamps are presented. 
Fig. 25 shows some macrographs of the stamp impres- 
sion. It may be observed that these stamps also de- 
veloped lower concentration factors than perforated 
sheet. It should be noted, however, that sharper 
stamps, particularly in nonclad material, may have 
sufficiently high concentration factors to reduce the 
fatigue strength of a riveted structure. 


Attention should also be called to the fact that the 
above conclusions do not apply to castings or forgings 
where extra material may be readily added at points 
of stress concentration. In these latter cases, a lower 
minimum stress concentration must be assumed. 
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CONCLUSIONS 


The factors governing notch strength, both from a 
static strength and from a fatigue strength standpoint, 
have been discussed. It has been shown that an in- 
crease in yield ratio will usually increase the static ef- 
ficiency of notched specimens but that this increase 
may be limited by the ability of the material to strain. 
It was indicated that the use of the high-strength 
aluminum alloys in airplane structures may result in 
appreciable reduction in structural weight for the same 
static strength but that this may be accompanied by a 
reduction in the fatigue strength of the structure. 
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Fic. 24. Effect of impression stamps on the fatigue strength of 
0.032 24ST86 Alclad sheet loaded with grain. _ Ratio of minimum 
to maximum load = 0.2. 








Fic. 25. Macrographs through impression stamps of Fig. 24. 
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Roadability and Landing Ability in Aircraft 


Undercarriages 


REINHARDT M. ROSENBERG* 
Consolidated Vultee Aircraft Corporation 


SUMMARY 


Generally, undercarriages are designed for absorbing landing 
shocks and for achieving stability in take-offs, landings, and 
against overturning. As more interest in roadable airplanes is 
shown, ride comfort in ground travel should also become an im- 
portant design consideration. 

In this paper, expressions are derived (from the standpoint of 
ride comfort) for front and rear axle location and for spring stiff- 
nesses and damping coefficients of front and rear. It is shown 
that an undercarriage, designed for ride comfort only, is unsatis- 
factory in landings unless (1) the lengths of spring and damper 
strokes differ; (2) the damper possesses two damping coefficients 
—i.e., selective orifices, one to be used in ground travel and'the 
other for landings; and (3) the center of gravity. of the ground 
vehicle is appreciably further forward than that of the flight ar- 
ticle. i 

The last requirement is necessary for longitudinal stability in 
take-off runs and may be achieved by disposing of, or by suitable 
storing on, the craft, wings, and tail assembly. The equations 
are applied to a particular (fictitious) airplane. 

The development presented here introduces the general prob- 
lem. However, the treatment is considerably simplified by omit- 
ting tire flexibility and a number of degrees of free- 


dom. 
No attempt has been made to render judgment as to the worth 
of roadable airplanes. 


INTRODUCTION 


ENERALLY, landing gears are designed for absorbing 
landing shocks and for providing take-off and 
landing runs which are stable directionally, longitud- 
inally, and from the standpoint of overturning. Rela- 
tively little attention has been paid in the past to ride 
comfort in ground runs. As more interest is being 
shown in roadable airplanes it becomes necessary to 
consider ride comfort on the ground as one of the design 
. requirements of undercarriages. 

A roadable airplane may be understood to be a ve- 
hicle that, in addition to its flying ability, is capable of 
transporting its pilot and passengers from the airport 
to town. If it is, then, to be exchanged for a conven- 
tional automobile for further road travel, ride comfort 
need not be considered in the landing gear design be- 
cause the speed on the road may be kept low. In such 
an airplane a large measure of inconvenience in ground 
travel may be tolerated for the sake of the roadable 
feature. 


Presented at the Light Aircraft Meeting, I.A.S., Detroit, Octo- 
ber 4-5, 1945. 

* Design Specialist. 
School of Aeronautics. 


Now Instructor, Purdue University, 


The type of airplane just described may have con- 
siderable utility. However, it falls short of a type 
vehicle that is not only capable of both flight and 
ground travel but is adequate in both modes of trans- 
portation. The undercarriage, discussed: here, is at- 
tached to a vehicle that may be considered as a flying 
automobile or as a roadable airplane. In satisfying the 
requirements of ride comfort, it has to compete with 
the automobile; in providing safe landings and take- 
offs, it must compete with airplanes. In short, the 
vehicle considered here must satisfy the demand of its 
owner for an automobile as well as for an airplane. 

The many problems inherent in the design of a road- 
able airplane—such as changeover from propeller to 
wheel drive, the mechanism of folding or otherwise dis- 
posing of the aerodynamic surfaces, steerability of the 
vehicle on the ground, etc.—are not discussed here. 
Instead, it is proposed to present the problem of ride 
comfort and to investigate the possibility of combining 
roadability and landing ability requirements in a single 
undercarriage. 


RimpE COMFORT 


Ride comfort is difficult to define analytically. On 
the one hand, it may be expressed in terms of the mag- 
nitude of the accelerations to which passengers are sub- 
jected, since these accelerations are a measure of the 
forces that act on the passengers. On the other hand, 
it might be argued that constant accelerations, such as 
those experienced on the downhill run of a roller coaster, 
are not particularly uncomfortable and that it is rather 
the time rate of change of the acceleration (the third 
derivative of displacement with respect to time—a 
quantity that has been named the jerk) which is the 
true measure of ride comfort. 

The treatment presented here is idealized to the ex- 
tent that only disturbances that vary harmonically with 
time are considered. For’ this case, the only difference 
between acceleration and jerk is a 90° phase shift, so 
that it is unnecessary here to settle this argument. 

One of the most important requirements on an under- 
carriage, acceptable from the standpoint of ride com- 
fort, is that it should transmit a minimum of road 
shocks. 

Consider a mass m, suspended from springs and re- 
strained in such a manner as to give the mass a single 
degree of freedom in the vertical direction z. The 
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combined springs have a rate k. Now impress on this 
system a force P that varies harmonically with time at 
the frequency w. This system is illustrated in Fig 1. 
It can be shown that the force transmitted to the mass 
is 

Pr = Py sin wt/[1 — (w*m/k)] (la) 


The transmissibility is defined as the ratio of trans- 
mitted to impressed force, and it is 

















T = 1/[l — (/e,)?] (1b) 
where w, = natural frequency of the mass on the 
springs. 

mM 
| R sin wt 
Fic. 1. Mass supported on springs and subjected to a force P 


which oscillates at the frequency w. 


It may be easily verified that, when 0 <w /w, < +/2, 
the transmitted force is always equal to, or larger than, 
the impressed force. If the spring had an infinitely 
great rate—i.e., if the springs were replaced by a per- 
fectly solid connection—the transmissibility would be 
equal to unity for all values of w. Therefore, the spring 
suspension is of advantage only when the impressed 
frequency is greater than 1.414w. In order to make 
use of this fact in the design of spring suspensions, it is 
necessary to have some knowledge of the frequency of 
the impressed force. The automobile industry has dis- 
covered in the course of a great deal of experimental 
work and road testing that, when the natural frequency 
of the sprung mass conforms to 50 cycles per min. < 
#, £ 60 cycles per min. and for present-day speeds of 
translation and road conditions, a satisfactory ride will 
be obtained. 

A glance at Eq. (lb) reveals that the transmitted 
force becomes infinitely large when w = w,. By as- 
suming that w, = 50 cycles per min., this case of reson- 
ance will occur approximately when a vehicle is driven 
at a speed of 4 m.p.h. over a railroad crossing con- 
sisting of many tracks. The possibility of infinite 
deflections at resonance is guarded against by the in- 
troduction of dampers or shock absorbers in the system. 
With damping the transmissibility becomes (reference 
1, p. 87) 








(1c) 


where, in addition to the symbols already defined, c = 
damping coefficient of the shock absorber and @ = 
2Mw n. 

In Fig. 2 the transmissibility is plotted against w/w, 
for the values of c = 0 and c = 0.30%. Whenc = 
0.30c, the transmitted force is, at resonance, only 
twice the applied force, and, for values of w/w, greater 
than +/2, the transmissibility is not too greatly increased 
over the case without damping. The fact that the 
introduction of damping increases the transmissibility 
for w/w, > 1/2 is not so undesirable asit may seem. In 
the first place, in the operating range of w/w,, the trans- 
missibility for ¢ = 0.30c is only about twice that which 
it would be without damping; in the second place, 
although the damper tends to make the body follow 
more closely the contours of the road, it also makes the 
wheels follow the road better. This improvement in 
contact aids the front wheels in steering effort and the 
rear wheels in driving effort (if the vehicle has a rear 
wheel drive). It also helps to avoid skidding sideways. 
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Fic. 2. Plot of transmissibility versus the ratio of the exciting 
frequency to the natural frequency for zero damping and for 
30 per cent of critical damping. 


WHEEL LOCATIONS © 


Before the design of the undercarriage can be under- 
taken, it is necessary to decide on the undercarriage 
configuration and on the axle location. 


Past experience indicates that only two and four or 
more wheel vehicles have been successful for passenger 
transportation. The two-wheel configuration is not 
considered here because it is unstable at zero transla- 
tional velocity. It is therefore assumed that the road- 
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able airplane has four wheels similar to those of a con- 
ventional automobile. 

In the design, the front axle will be placed as far for- 
ward as other design considerations permit. This 
gives the vehicle the well-known stable characteristics 
of the tricycle landing gear, provided that trail and 
caster angle of conventional tricycle designs are used. 
Let the airplane have a front axle located a distance (a) 
forward of the center of gravity. The rear wheels are 
a distance (b) aft of the center of gravity. The radius 
of gyration of the sprung mass in pitch is p. This air- 
plane is shown in Fig. 3. 


oO ie} 


me a b ) 


p is the radius of 














Fic. 3. Location of the front and rear axles. 
gyration in pitch. 


A case of particular interest and one that gives es- 
pecially desirable ride comfort characteristics occurs 
when p? = ab. When this relation holds, each axle 
becomes the center of oscillations for a force applied 
at the other axle. In other words, if the front wheels 
strike an obstacle, the rear wheels experience no trans- 
lation, and the same is true for the front wheels when 
the rear wheels strike an obstacle. Therefore, when 
p? = ab, the front and rear wheels oscillate independ- 
ently from one another, and the frequencies can be 
shown to be 


= ote = V4), 


where the subscripts refer to the front and rear wheels, 
respectively. 


(2a) 





(2b) 


SPRING STIFFNESS 


It has been shown ‘previously that the frequency of 
the airplane in vertical translation should be w, = 50 
cycles per min. It will now be shown that this require- 
ment should be slightly altered.” 

When p? = ab, the front and rear wheels oscillate in- 
dependently of one another, and it can be shown that 
the vertical displacement of the front wheels is (refer- 


ence 1, p. 51) ~ 
zp = e~ /?2™)¥! (C, cos qrt + Cz sin grt) (3a) 


where 
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qr = V (k/m)p — (c/2m)»* 
(c/2m)p = Cr/{2m[b/(a + b)]}} 
C; and C, = constants 


Now, let the front wheels strike an obstacle while 
traveling at a velocity of v ft. per sec. Since the wheel 
base is a + 0b ft. long, the rear wheels will strike the ob- 
stacle (a + b)/v sec. later than the front wheels. 
Therefore, the vertical displacement of the rear 
wheels, referred to the same time scale as Eq. (3a), is 


c a+b 
Zr = o” Gm)s (1+ cos a (1+ °*") 4 








v 
b 
Cz sin dr (: + a+ *)] (3b) 


where 





Ir = V (k/m) p — (c/2m) p? 
(c/2m) zp = Cr/{2m[a/(a + ))} 


It is clear that at any instant the distance (zy — 3,) is 
the difference in height between the front and rear 
axles where the sign of the deflection must be taken into 
consideration and the angle of pitch is 


6 = tan—[(zr — zp)/(a + 5)] (3c) 


The angle of pitch has been calculated for a particular 
vehicle and for the conditions of 





(1) Wp = We = 50 cycles per min. 

(2) wr = 1.12wp 

(3) wr = 0.880, (4h) 
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Fic. 4. Pitching angle die to vehicle traveling over obstacle for 
various ratios of front axle frequency to rear axle frequency. 
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and is plotted against time in Fig. 4. It is seen that 
for the case of wr = 0.88w 2, the angle of pitch is much 
smaller than for the other two. It is therefore advan- 
tageous from the standpoint of ride comfort to keep the 
frequency of the rear axle somewhat higher than that 
of the front axle. 

For design purposes and from the standpoint of ride 
comfort, the following values and formulas should be 


used : 


wy & 5.233 rad. per sec. (4a) 
wr = wr/0.88 (4b) 
ky = wp’m[b/(a + b)| (4c) 
kn = (wr/0.88)*m[a/(a + b)] (4d) 
Cr = 0.60m[b/(a + b)| we (4e) 
Cr = 0.692m[a/(a + 5) wr (4f) 
b = p*/a (4g) 


The development presented here has been simplified 
over actual conditions by neglecting the fact that the 
tires themselves are springs supporting the so-called 
“unsprung” weight and by omitting from consideration 
a number of degrees of freedom. Although the treat- 
ment becomes mathematically more involved when the 
tires are taken into considération, the physical picture 
remains largely unchanged. The requirement of a low 
natural frequency in vertical translation holds for the 
“tire spring’ as well as for the suspension springs. This 
explains why greater ride comfort is obtained from 
pneumatic tires than from solid ones and why balloon 
tires with low pressures are preferable to small, high- 
pressure tires. 

The vehicle discussed here has actually 18 degrees of 
freedom. Of these, only vertical translation and pitch 
have been discussed. It is now necessary to consider 
the rolling degree of freedom. 

A vehicle that has soft springs in vertical translation 
will offer little resistance to rolling moments. If the 
vehicle were frequently subjected to oscillatory rolling 
moments, it should have a low roll frequency to avoid 
large transmissibility. Roll can be applied to the ve- 
hicle only if the front and rear wheels of one side pass 
over an obstacle different from that over which the 
wheels of the other side pass. As this is only rarely 
the case, a low roll frequency is not required. There 
are, however, important reasons why the roll frequency 
should be high. When the axis of roll does not lie in 
the horizontal plane of the center of gravity, a rolling 
moment due to the centrifugal force acts on the sprung 
mass whenever the vehicle travels under conditions of 
angular accelerations—i.e., on a curve. In most 
vehicles the center of gravity is above the axis of roll, 
and for this case the rolling deflection shifts the center 
of gravity with respect to the wheels so as to decrease 
the overturning stability. It is therefore desirable to 
have large spring resistance to roll. This is often 
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achieved by roll stabilizers consisting of stiff springs 
that act only when there is differential translation be- 
tween the right- and left-hand sides of the vehicle. 

The recommendations contained in Eqs. (4) will now 
be applied to a fictitious 1,500-lb. airplane. The fuse- 
lage is 17 ft. long, and the center of gravity is located 
one-third of the fuselage length or 5.65 ft. from the 
nose. For design reasons the front axle is located 5 ft. 
forward of the center of gravity. The radius of gyra- 
tion is estimated from J = 2.45wi/'-*5, where w is the 
gross weight in pounds and / is the fuselage length in 


inches. The parameters of the airplane are, therefore, 
m = 1,500/32.2 = 46.9(Ibs.-sec.?) /ft. 
2.45)(17 K 12)}-35 
p? = \ a7 = 22.1 sq.ft. 
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From Eq. (4g) 
b = 22.1/5 = 4.42 ft. 
From Eq. (4c) 
kp = (5.233)?(46.9)(4.42/9.42) = 603 Ibs. per ft. 
From Eq. (4d) 
kp = (5.233/0.88)?(46.9)(5/9.42) = 880 Ibs. per ft. 
From Eq. (4e) 
Cr = (0.60)(46.9)(4.42/9.42)(5.233) = 69 Ibs.-sec./ft. 
From Eq. (4f) 


Cr = (0.692)(46.9)(5/9.42)(5.233) = 90 Ibs.-sec./ft. . 


It may be ascertained by test whether the orifices 
in the dampers provide the required damping coef- 
ficients. It is merely necessary to move the piston at a 
velocity of 1 ft. per sec. while the cylinder is held fixed. 
The force required to hold the cylinder is equal to the 
damping coefficient. If the ddmper provides hydraulic 
rather than viscous damping, the damping force D.F. = 
cv? and Eqs. (1), (2), and (3) no longer hold exactly. 
In practice it will be found that the damping force is 
D.F. = cv”, where 1 < mu < 2, and the formulas and 
methods presented here give a reasonable design guide. 


LANDING ABILITY 


One of the primary functions of a landing gear is to 
dissipate the energy of landing of an airplane. 

At the instant of contact, this energy is the sum of 
the kinetic energy due to the sinking velocity and the 
potential energy due to the height (stroke plus tire 
deflection) of the center of gravity. It is, therefore, 


E= '/smiq? + aPx% (5a) 


where 
So sinking velocity at the instant of contact 
2 = stroke length (when tire deflection is neglected) 
aP = weight X lift 
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When the spring and damper are operating parallel, 
the work done by the strut in one stroke is approxi- 
mately 


U= 1 /sk2? a '/s¢%o20 (5b) 

Eq. (5b) is based on the assumption that the velocity 
decreases linearly from Zp to zero. Actually, it must 
be found by solving the equation 


ms + cs — [w — (A + B3)| (A) 
where 


A = aconstant proportional to the forward velocity 
B = a constant proportional to the sinking velocity 


Solving this equation and differentiating, the velocity 
is of the form 


‘ 


& = C(c/m)e~ “/™* (B) 


where C is a constant. ‘ 

The refinement of introducing this value for the 
velocity into Eq. (5b) does not seem justified in view of 
the approximations of the other assumptions. 

Let it be supposed for the present that the energy at 
the instant of contact is to be absorbed in one stroke 
of the strut. Equating the energy at the instant of 
contact to the work of which the strut is capable in one 
stroke, 


mS” 2aP2 = kayo? + chs (Se) 


This is a quadratic equation in the stroke length 2 
having two possible solutions. From physical reason- 
ing it is clear that only one stroke length can satisfy 
the requirements. The apparent paradox has been 
brought about by the erroneous assumption that the 
energy of Eq. (5a) can be absorbed in one stroke. Inas- 
much as the spring-is depressed by % at the end of the 
stroke, it has stored in it an amount of strain energy 
equal to '/2kz?. This “energy will be returned to the 
airplane in the form of an upward motion. 

In the problem at hand, this condition cannot be 
tolerated because, for reasons of ride comfort, the 
damping amounts only to 30 per cent of critical damp- 
ing. Since critical damping is the smallest damping 
value that will produce an aperiodic motion, the air- 
plane will execute vertical oscillations having a rela- 
tively slow rate of decay. 

Therefore, the damping stroke should exceed the 
spring stroke by a length sufficient for the vertical 
velocity to be destroyed by the time the sprung mass 
comes to rest on the springs. For this case, the work 
equation, Eq. (5b), contains only the damper contribu- 
tion, and, by equating energy and work, the stroke be- 


comes 
‘Zo = mo? / (co — 2aP) (5d) 


It is seen from Eq. (5d) that the stroke becomes in- 
finite when cé) = 2aP and that the required stroke in- 


creases for extremely high velocities and for extremely 
low velocities. Furthermore there is an optimum 
velocity for which the stroke becomes a minimum. 

This is better shown by writing Eq. (5c) in the non- 
dimensional form: 


CZ (cSo/2aP)? 
ee ay (5e 


2a(P2/g) 1 (ci/2aP) — 1 








The quantity c*x/2a(P?/g) is plotted against the 
argument ci/2aP in Fig. 5. From an engineering 
point of view the stroke length should be designed for 
the maximum sinking velocity that may be expected, 
This still permits a landing at the lesser sinking velocity 
% = 2aP/c, which requires an infinitely long stroke, 
For this case, the kinetic energy of the sprung mass 
does not decrease during the damping stroke and is 
equal to 


E = 2(P*/g)(a/c)? (5f) 


The amount of strain energy which the spring can 
store is 


U = "/sk2;? (5g) 


where 2; = spring stroke. 


, V 














“ 


2 














2 
FUNCTION OF STROKE LENGTH 20, 


2 
¥ 2 4 a 10 
£3 
—£2.. 
FUNCTION OF SINKING SPEED >=% 
2 

















A 
4 


Relation between damping stroke length and striking 
velocity. 
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Equating the kinetic to the strain energy and solving 
for the spring stroke, 


a. = 2aP/cw, (5h) 


where w, = Vk/m. 

The stroke equations will now be applied to the air- 
plane described earlier in this paper. The numerical 
example will be simplified by combining the front and 
rear axle characteristics so that 


k = mw,” = 1,288 lbs. per ft. 
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c = 0.60mw, = 148 Ibs.-sec./ft. 
aP = (0.25)mg = 375 Ibs. 
Zomax. = 20 ft. per sec. (assumed) 
w, = 9.233 rad. per sec. 
The damper stroke— 
(1,288) (20)? 


% = “ a ae 223 ft. 
(148)(20) — (2)(375) 





The spring stroke— 
a = 750/(148)(5.233) = 0.97 ft. 


It is seen that the required damper stroke is absurdly 
jong; this might have been expected because of the low 





i) 
oe 
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damping coefficient. It will therefore be necessary to 
provide a damper that has two damping coefficients— 
one to be used in landing and the other in ground travel. 
This might be incorporated into the design as an auto- 
matic feature, or a damper with two selective orifices 
could be designed. 

The spring stroke is too short for the airplane because 
it will be fully compressed by a load of 1,260 lbs. There. 
is, however, no harm in lengthening the spring stroke 
as long as it exceeds the minimum required length given 
in Eq. (5f). In a strut of given overall length, an in- 
crease in the spring stroke will subtract from the damper 
stroke, and Eq. (5d) will have to be applied to assure 
adequate damper stroke. 


STABILITY 


An airplane is stable longitudinally when dCy,/dC;, is 
taken about the axis of pitch. 
that Cy < 0. 

‘Jenkins and Donavan* give the stability condition as 





n(Lr — ph) 


where 0 has the same meaning as in the rest of this paper. 


ence 3. This equation may be rewritten as 


Sra T 


Sar [1 + (a/R)|(1 — 2) f ts 
Sa [1 + (ar/rRr)| (1 — or) 


a negative quantity, where the pitching moments are 


In take-off, the lift is always positive, so that the condition for stability requires 


2a(1 — a) | 


R 26+ wh (6a) 
TT. 


The significance of the other symbols is given in refer- 





n(Lr — uh)—— 


Applying Eq. (6b) to the airplane under consideration 
by assuming representative values for the aerodynamic 
parameters, we find that the “‘stability ratio’’ repre- 
sented by the left-hand side of Eq. (6b) is equal to 
0.117, which is approximately one-tenth of the value 
required by stability. Eqs. (6) indicate that the air- 
plane is highly unstable in take-off runs. A physical 
understanding of this fact may be had when it is con- 
sidered that in the air-pitching oscillations take place 
about the center of gravity and that on the ground 
pitching oscillations take place about the rear wheels. 
The stability is therefore affected in a similar way as if 
the center of gravity were moved aft to the rear wheels. 
Actually, the stability will be better than indicated by 
the numerical calculations, since the inertia couple and 
the gravity moment are not considered in Eqs. (6). 

In the stability calculations it was assumed that the 
center of gravity of the vehicle is at the same location 
whether the airplane is in flying or roadable condition. 
This is unlikely since, for instance, the center of gravity 
of the wing is at approximately the 40-per-cent-chord 
station. Therefore, merely removing the wings will 
shift the center of gravity forward. It should be kept 
in mind that in the flying condition the center of gravity 
must be near the rear axle if stability in take-off runs 
isto be achieved. In the roadable condition, the center 


7 [1 + (@/*R)| (1 — 2 2a(1 — | 1 ) — 
Sa [1 + (a7/Rr)| (1 — or) aR b+ ph] ~ 


(6b) 


of gravity should be located near ‘the middle of the 
wheel base. A roadable airplane offers a unique possi- 
bility of controlling the center of gravity shift by dis- 
posing of, or by storing on the craft, the wings and tail 
cone. Judicious use of this device can render a road- 
able airplane stable in ground runs even if it has 
a wheel configuration similar to the one discussed 
here. 


CONCLUSIONS 


It has been the purpose of this discussion to introduce 
some of the problems that roadability presents in the 
design of undercarriages. No attempt has been made 
to make the treatment complete. There are certain 
design requirements upon the undercarriage which 
seem conflicting at first glance. An effort has been 
made to eliminate this incompatibility. 

In using the relations given here, their limitations 
should be recognized. The most outstanding of these 
are that the spring effect (nonlinear) of the tires has 
not been considered and that the damping force is 
assumed throughout to be proportional to the veloc- 
ity. 

The introduction of tire deflection increases the num- 
ber of degrees of freedom to be considered. This does 
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not greatly complicate the problem mathematically. 
However, it multiplies the numerical work consider- 
ably. 

The introduction of hydraulic rather than viscous 
damping and consideration of the nonlinear character 
of the tire springs result in differential equations of the 
form 


mx + c(x)? + f(x) = P 


where f(x) # kx. 

These are difficult to handle mathematically and are 
almost useless for engineering applications. 

In this paper, means have been suggested of combin- 
ing, rather than separating, the requirements for road- 





Letter to 


Dear Sir: 

Dr. Wang’s elegant treatment of the problem of general insta- 
bility of semimonocoque structures under bending, presented in 
the January issue of the JOURNAL, contains noteworthy contribu- 
tions to the solution of this complex problem, such as the use of 
infinite Fourier series and summation methods and the inclusion 
of the strain energy due to torsion of stringers and rings. The 
graphic form in which the results are presented allows a rapid and 
convenient evaluation of the critical load. In the paper an em- 
pirical factor, which varies substantially with panel area, is used 
to take into account the effect of the shear in the skin. 

It might be pointed out, however, that this effect can be cal- 
culated analytically as was done in N.A.C.A. Technical Note No. 
968 (The Inward Bulge Type Buckling of Monocoque Cylinders— 
III Revised Theory Which Considers the Shear Strain Energy, 
by N. J. Hoff and Bertram Klein). It is likely that the corre- 
sponding change in Dr. Wang’s theory would have a pronounced 
effect upon its development, especially inasmuch as the rapidity 
of convergence of the Fourier series would probably be reduced. 
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ability and landing ability, and simple formulas have 
been given which should prove useful in undertaking 
the design. 

It is believed that no final opinion as to the value of 
roadable airplanes can be formed until actual design 
and performance data can substantiate it. 
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the Editor 


The final results of Dr. Wang’s paper are obtained on the basis 
of a full Fourier expansion in the circumferential direction but 
with only one sine term in the axial direction taken over the en- 
tire length of the cylinder. Under this assumption it is not 
possible to describe fully the actual distortions as indicated by 
the experimental models of W.A.C.A. Technical Note No. 909. 
It is unfortunate that the present knowledge of the effective width 
of skin does not permit a more exact determination of its influence 
upon the buckling load. 

Dr. Wang’s approach, with the addition of some of the above 
modification, should prove to be a valuable step toward a final 
solution of the problem. 
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Cox and Stevens Aircraft Corporation 
Culver Aircraft Corporation 
Curtiss-Wright Corporation 
Airplane Division 
Development Division 
Propeller Division 
Wright Aeronautical Corporation 
Doak Aircraft Company, Inc. 
Douglas Aircraft Company, Inc. 
E] Segundo Plant 
Long Beach Plant 
The Dow Chemical Company 
Dzus Fastener Company, Inc. 
Eastern Air Lines, Inc. 
Eaton Manufacturing Company 
Thomas A. Edison, Incorporated, Instrument 
Division 
Edo Aircraft Corporation 
The Electric Auto-Lite Company 
Electrol Incorporated 
Engineering and Research Corporation 
Ethyl] Corporation 
The Fafnir Bearing Company 
Fairchild Camera & Instrument Corporation 
Fairchild Aerial Surveys, Inc. 
Fairchild Engine and Airplane Corporation 
Duramold Division 
Fairchild Aircraft Division 
Ranger Aircraft Engines Division 
Federal Telephone and Radio Corporation 
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Firestone Aircraft Company 
Fleetwings Division, Kaiser Cargo, Inc. 
Fletcher Aviation Corporation 
G&A Aircraft, Inc. 
General Aircraft Equipment, Inc. 
General Aviation Equipment Company, Inc. 
General Electric Company 
General Instrument Corporation 
General Motors Corporation 
AC Spark Plug Division 
Aeroproducts Division 
Buick Motor Division 
Cadillac Motor Car Division 
Chevrolet Motor Division 
Delco Products Division 
Delco-Remy Division 
Eastern Aircraft Division 
Fisher Body Division 
Frigidaire Division 
Harrison Radiator Division 
Research Laboratories Division 
Rochester Products Division 
The B. F.. Goodrich Company 
The Goodyear Tire & Rubber Company 
The Gray Manufacturing Company 
Grumman Aircraft Engineering Corporation 
Guiberson Diesel Engine Company 
W. & L. E. Gurley 
Hanna Engineering Works 
Haskelite Manufacturing Corporation 
Hawaiian Airlines Limited 
The Hilliard Corporation 
The International Nickel Company 
Jack & Heintz, Inc. 
Jacobs Aircraft Engine Company 
Johns-Manville Sales Corporation 
Kellett Aircraft Corporation 
Kenyon Instrument Company, Inc. 
Walter Kidde & Company, Inc. 


Kollsman Instrument Division, Square D Com- 


leisy Corporation 
Lavelle Aircraft Corporation 
Lear Incorporated 
Liberty Aircraft Products Corporation 
Link Aviation Devices, Inc. 
The Liquidometer Corporation 
Lockheed Aircraft Corporation 
Longines-Wittnauer Watch Company, Inc. 
Magnaflux Corporation 
The Marquette Metal Products Company 
The Glenn L. Martin Company 
The W. L. Maxson Corporation 
Warren McArthur Corporation 
McDonnell Aircraft Corporation 
Menasco Manufacturing Company 
Micromatic Hone Corporation 
Minneapolis-Honeywell Regulator Company 
Moore Drop Forging Company 
National City Bank of New York 
National Credit Office, Inc. 
The New York Air Brake Company 
Norma-Hoffmann Bearings Corporation 
North American Aviation, Inc. 

North American Aviation, Inc., of Texas 


Northrop Aircraft, Inc. 
Northwest Airlines, Inc. 
Owens-Corning Fiberglas Corporation 
Pan American World Airways System 
The Parker Appliance Company 
Pennsylvania-Central Airlines Corporation 
Pesco Products Company Division, Borg-Warner 
Corporation 
Phillips Petroleum Company 
Pioneer Parachute Company, Inc. 
The Pure Oil Company 
—— Aviation Corporation 
J. P. Riddle Company 
A. V. Roe Canada Limited 
John A. Roebling’s Sons Company 
Rohr Aircraft Corporation 
Roosevelt Field, Inc. 
The Ryan Aeronautical Company 
Sciaky Brothers 
Scott Aviation Corporation 
Shell Oil Company, Inc. 
Simmonds Aerocessories, Inc. 
Skydyne, Inc. 
Socony-Vacuum Oil Company 
Solar Aircraft Company 
Sperry Gyroscope Company, Inc. 
Square D Company 
Standard Oil a of California 
Standard Oil Company (Indiana) 
Standard Oil Company of New Jersey 
Swedlow Aeroplastics Corporation 
Teleflex Limited 
The Texas Company 
Thompson Products, Inc. 
Tinnerman Products, Inc. 
Titeflex, Inc. 
Transcontinental & Western Air, Inc. 
Triplett & Barton, Inc. 
Union Carbide and Carbon Corporation 
Bakelite Corporation 
Haynes Stellite Company 
Linde Air Products Company 
National Carbon Company 
United Aircraft Corporation 
Chance Vought Aircraft Division 
Hamilton Standard Propellers Division 
Pratt & Whitney Aircraft Division 
Pratt & Whitney Aircraft Corporation of 
Missouri 
Sikorsky Aircraft Division 
United Air Lines, Inc. 
United States Aviation Underwriters, Inc. 
United States Rubber Company 
Dominion Rubber Company, Ltd. 
The Variety Aircraft Corporation 
Vickers, Inc. 
Vidal Corporation 
The Waco Aircraft Company 
Warner Aircraft Corporation 
The Weatherhead Company 
Western Air Lines, Inc. 
Westinghouse Electric Corporation 
Weston Electrical Instrument Corporation 
Wyman-Gordon Company 
Young Radiator Company 











Aerodynamics 


William Bollay 
Kenneth S. M. Davidson 
Walter S. Diehl 
Hugh L. Dryden 
R. Paul Harrington 
P. E. Hemke 
Eastman N. Jacobs 
Alexander Klemin 
W. B. Klemperer 
Otto C. Koppen 

A. M. Kuethe 
John G. Lee 

John R. Markham 
Clark B. Millikan 
Shatswell Ober 

W. Bailey Oswald 
Manfred Rauscher 
Elliott G. Reid 

H. J. E. Reid 
Benjamin F. Ruffner 
G. B. Schubauer 
Abe Silverstein 

R. H. Smith 

Th. Theodorsen 

M. J. Thompson 
Th. von K4rman 
Richard von Mises 
K. D. Wood 


Air Transport 


Ralph S. Damon 
Charles Froesch 
Melvin N. Gough 
J. A. Herlihy 
William Littlewood 
A. A. Priester 

Paul E. Richter 

N. F. Scudder 

T. P. Wright 


Aircraft Industries Association of America, 


Marcus 


EDITORIAL COMMITTEE 


HucGu L. Drypen, Chairman 


Aircraft Design 


Karl Arnstein 

W. E. Beall 

Rex B. Beisel 

B. C. Boulton 

C. P. Burgess 

C. H. Chatfield 

J. W. Crowley, Jr. 
W. K. Ebel 
Leroy R. Grumman 
Hall L. Hibbard 
C. L. Johnson 

A. L. Klein 

I. M. Laddon 
John G. Lee 

C. J. McCarthy 
William H. Miller 
R. H. Prewitt 

A. E. Raymond 
Igor I. Sikorsky 
Th. Troller 

Starr Truscott 

R. H. Upson 
Fred E. Weick 
Robert J. Woods 


Radio 


C. S. Draper 
Lloyd Espenschied 
C. G. Fick 

Lewis M. Hull 
Haraden Pratt 

F. X. Rettenmeyer 


Physiologic Problems 


H. G. Armstrong 

Louis H. Bauer 

David B. Dill 

Eugene Du Bois 

W. Randolph Lovelace, II 
Ross A. McFarland 

A. D. Tuttle 


Power Plants and Propellers H. W. Sibert 


M. A. Biot 
George W. Brady 
Frank W. Caldwell 
Ivan H. Driggs 
Louis H. Enos 
David Gregg 

L. S. Hobbs 
Albert R. Jacobs 
E. E. Johnson 

H. M. McCoy 

W. C. Nelson 
Arthur Nutt 
Shatswell Ober 
Hans Reissner 
David R. Shoults 
C. Fayette Taylor 
E. S. Taylor 

Th. Theodorsen 
A. V. Willgoos 

D. H. Wood 


Structures and Materials 


M. A. Biot 

W. B. Bleakney 
E. W. Conlon 
George W. DeBell 
J. P. Den Hartog 
L. H. Donnell 

L. G. Dunn 

E. C. Hartmann 
N. J. Hoff 

W. B. Klemperer 
H. L. Langhaar 
E. E. Lundquist 
C. F. Nagel, Jr. 
J. S. Newell 
Alfred S. Niles 
W. Ramberg 

E. Reissner 

F. R. Shanley 





American Association for the Advancement of Science— 


J. C. HUNSAKER 


American Society of Mechanical Engineers—JOHN E. YOUNGER 


American Standards Association—P. R. BASSETT 


Engineering Society of Detroit—Donatp C. Hunt, GEoRGE 


TWENEY 


Greater New York Safety Council—WIi..1aM LItTTLEWooD 


Inc.—CHARLES 


C. R. Strang 
S. Timoshenko 
H. S. Tsien 
George Tweney 
E. E. Weibel 
J. E. Younger 


Meteorology 


C. F. Brooks 

D. M. Little 

E. J. Minser 

Sverre Petterssen 
F. W. Reichelderfer 
A. F. Spilhaus 

P. V. H. Weems 

H. C. Willett 


Fuels and Oils 


D. P. Barnard 
A. L. Beall 
Luis de Florez 
J. H. Doolittle 
Graham Edgar 
R. T. Goodwin 
S. D. Heron 

A. M. Rothrock 


Instruments 


P. R. Bassett 

W. G. Brombacher 
Charles H. Colvin 
C. S. Draper 
Lucien L. Friez 
Walter McKay 

W. A. Reichel 

C. F. Savage 

A. F. Spilhaus 

S. J. Zand 


I.A.S. REPRESENTATIVES TO OTHER ORGANIZATIONS 


Daniel Guggenheim Medal Board of Award—Cuar.Es H. COLVIN, 
Ravpu S. Damon, LESTER D. GARDNER 

Institute of Radio Engineers—L. M. HULi 

Manufacturers Aircraft Association—J.T. HARTSON 

National Aeronautic Association—WILLIAM R. ENYART 

National Research Council Engineering Division—Hvucu lb 


DRYDEN 


National Safety Council—JEROME LEDERER 
New York Museum of Science and Industry—LestER D. GARDNER 
Society of Automotive Engineers—EDWARD P. WARNER 
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